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Instructions 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly,it is important that all contri- 
butions should be carefully examined before being submitted, to 
make sure that they conform as closely as possible to the following 
instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should be 
submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and “‘laboratory slang’’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The forms of spelling and abbreviation used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on “Use of Abbreviations” on pages 3 and 4. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see “Use of Abbreviations.” 

Separate sheets should be used for the following: (a) title, (6) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (hk) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). 


To Authors 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (b) ‘‘Experimental 
Procedure’’ (or ‘‘Methods’’), (c) ‘‘Results,’’ (d) ‘‘Discussion,’’ (e) 
“‘Summary,’”’ (f) ‘“‘References.’”? The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1, The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude with a brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, inthis order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘‘unpub- 
lished experiments,’’ ‘‘personal communications,’”’ etc., must be 
made in footnotes, and not included in the References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words “‘in press.” 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 
and identified as such, either in the text or in a footnote near the 
beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 
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should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the eeroeis derived 
from the test of significance applied. 

Only in exceptional cases, the necessity fee which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 8$ X 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall, narrow draw- 
ings should be avoided, as should also low wide drawings. Curves 
that can be placed on one chart without undue crowding should 
not be given in separate charts. The drawings should be made 
on Bristol board, blue tracing cloth, or on coordinate paper printed 
in light blue. Mounting on heavy cardboard is undesirable. Pho- 
toengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be 
submitted whenever possible. If it is necessary to submit photo- 
graphic prints because of the excessive size of the originals, these 
should be carefully prepared. All parts of the chart should be in 
even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversize orig- 
inal drawings are submitted, a set of small photographic prints must 

also be included for the use of Referees. A duplicate set of figures 
must accompany the carbon copy of the manuscript. These need 
not be of the same quality as the original figures intended for pub- 
lication, but must be clear and legible for the use of Referees. 

All charts should be ruled off on all four sides close to the area 


Instructions to Authors 


occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. Black India ink should be used throughout. Letters and 
figures should be uniform in size and style and large enough so 
that no character will be less than 1.5 mm. high after reduction. 
As a rule, the printed figure is one-half or one-third the size of the 
original drawing, but oversize drawings must be reduced still 
further. Drawings which contain letters or characters which do 


not permit of such reduction must be returned to the authors with | 


a request that the size of the lettering be increased. 
The scales used in plotting the data should be indicated by 


short index lines perpendicular to the marginal rules of the draw- — 


ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 


The significance of the symbols should be explained on the chart : 


orinthelegend. If they are not explained on the face of the chart, 


only standard characters, of which the printer has type, should be 


employed (X, O, @, 0,8, A, A, @). 


Photographs submitted for half-tone reproduction should be ; 


printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 
Each chart, graph, and illustration should be clearly identified 


with a soft pencil on the margin, with the authors’ names, the © 
number of the figure, and, if necessary, an indication of “‘top.” © 
Each figure must have an explanatory legend. Legends should © 


not be attached to or written on the illustration copy. 


Proof -Reading 


Authors are responsible for the reading of galley proof. 
ers’ errors should be marked in red on the proofs. 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
trivial changes will not be accepted by the Editor. Newly ob- 
tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a ‘‘note added in proof’? can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 

The Williams & Wilkins Company 
Mount Royal and Guilford Avenues 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The cost of such 
reproduction is many times greater than that of reprints printed 
from the original type. 


Print- 
Changes made © 
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Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term which appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 
length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (e.g. AMP-sulfate, 
acyl-AMP). It is suggested that abbreviated names be hyphen- 
ated throughout, even where the full name is not (e.g. glucose- 
6-P, but glucose 6-phosphate). Structural analogues of a given 
compound are not to be abbreviated as if they were derivatives 
of that compound (e.g. the nicotinic acid analogue of DPN). 
Accepted symbols for elements or radicals are recommended 
where applicable (e.g. glycero-P for glycerophosphate, P-glyc- 
erate for phosphoglycerate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose 6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof. Abbreviations for pteroyl-t-glutamic acid 
derivatives (but not the substance itself) may use PGA for the 
parent compound (e.g. PGA-H,; N*5-formy]-PGA-H,; hydroxy- 
methyl] (or CH:OH-) PGA-H,). (Note that pteroyl-t-glutamic 
acid is one member of the class of compounds known collectively 
as the folic acids.) However, since PGA has also been used by 
some authors to denote phosphoglyceric acid or polyglutamic 
acid, it is essential that this abbreviation be defined in a footnote 
in each paper in which it is used. 

Accepted Abbreviations—The abbreviations in the list given 
below, may be used without definition. Other abbreviations 
should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (ef. 


Biochem. J., 66, 8 (1957)): 


DPN (or DPN*), 
DPNH 
TPN, TPNH 


FAD, *“ADH; 
NMN 

GSH, GSSG 
CoA, acyl-CoA 


AMP, GMP, 
UMP, CMP 


IMP, 

2’-AMP 3’-AMP (5’- 
AMP), etc. 

ADP, etc. 

ATP, etc. 

deoxy-AMP(dAMP, 
dGMP, dIMP, 


dUMP, dCMP, 
dTMP)* 


diphosphopyridine nucleotide and its 
reduced form 

triphosphopyridine nucleotide and its 
reduced form 

flavin adenine dinucleotide and its re- 
duced form 

nicotinamide mononucleotide 

glutathione and its oxidized form 

coenzyme A and its acyl derivatives 
(e.g. acetyl, etc.) 

the 5’-phosphates of ribosyl adenine, 
guanine, hypoxanthine, uracil, cy- 
tosine 

the 2’-, 3’-, (and 5’-, where needed for 
contrast) phosphates of the nucleo- 
sides 

the 5’(pyro)-diphosphates of adeno- 
sine, etc. 

the 5’(pyro)-triphosphates of adeno- 
sine, etc. 

the 5’-phosphates of 2’-deoxyribosy] 
adenine, etc. 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 


RNA, DNA 

RNase, DNase 

UDP-glucose, UDP-ga- 
lactose, etc. 


ribonucleic acid, deoxyribonucleic acid 

ribonuclease, deoxyribonuclease 

uridine diphosphate glucose, galactose, 
etc. 


For Diagrammatic Representation of Polymers or Sequences— 


(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequence as written (Ann. Rev. Biochem., 


16, 224 (1947)): 


Gly, Ala, Val, Leu, Ileu 

Pro, Phe, CySH, CyS-, 
Met, 

Try, Arg, His, Lys, 


glycyl, alanyl, valyl, leucyl, isoleucyl, 
prolyl, phenylalanyl, cysteiny], half- 
cystyl, methionyl, 


tryptophyl arginyl, histidy], 


lysyl, 


Asp, Glu, aspartyl, glutamyl, 

Glu-NH:2, Asp-NH:2, glutaminyl, asparaginyl, seryl, 
Ser, 

Thr, Tyr, Hypro, threonyl, tyrosyl, hydroxyprolyl, hy- 
Hylys droxylysyl 


These symbols should be separated from each other by periods 
(e.g. Gly. Val.Asp.Ser). Groups of residues of unknown se- 
quence may be enclosed in parentheses and separated by commas. 
These abbreviations should be used only for amino acid residues 
in peptide linkage; never for the free amino acids, the names of 
which should be written out in full. 


* When it is necessary to use d for deoxy, it should be so defined. 
The full prefix requires no such definition. 
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(b) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 

Gt, Fru, Gal, Rib, deoxy- glucose, fructose, galactose, ribose, 
Rib (dRib), etc.* deoxyribose, etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acety] derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosamine. Configura- 
tion symbols (L-, D-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 

(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 


t+ Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 


letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, 
guanine,f etc.): 


pApG 5’-O-phosphory]- adenyly]- (3’-5’) -gua- 
nosine or guanylyl-(5’-3’)-adenosine 
5’-phosphate 

ApGp adenylyl-(3’-5’)-guanosine 3’-phos- 
phate 

ApG-cyclic-p adenylyl-(3’-5’)-guanosine 2’:3’-phos- 


phate 
for polydeoxyribonucleotides :* 
d-pApGpT 


deoxyguanylyl - (3’-5’) -deoxythymi- 


dine, or deoxythymidylyl-(5’-3’)-de- 


oxyguanylyl - (5’-3’) - deoxy - adeno- + 


sylyl 5’-phosphate. 


t For further examples of this system of abbreviation see, for | 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 _ 


(1957), and especially Gilham and Khorana, J. Am. Chem. Soc., 
80, 6212 (1958). 


UNITS OF MEASUREMENT 


density, T is transmittancy (not transmittance, as for a plate | 


Units of Mass 
kilogram kg. 
gram gm. 
milligram mg. 
microgram ug. (not vy) 
millimole mmole (not mm) 
micromole umole (not um) 
Units of Concentration 
molar (mole/liter) M 
millimolar mM 
micromolar uM 
Units of Length, Area, Volume, etc. 
meter m. 
centimeter cm. 
millimicron my 
Angstrom (10-*cm.) A 
square centimeter em.” 
cubic centimeter cc., or em.3 
liter l. 
milliliter ml. 
microliter ul. (not d) 
sedimentation coefficient 8. 
sedimentation coefficient in water at 20°, 
extrapolated to zero concentration 8°29, w 
Svedberg unit of sedimentation coeffi- 
cient (10—" sec.) 
diffusion coefficient (usually given in 
em.2/sec.) D 


Terms Used in Reporting Spectrophotometric Data—Because 
there are several ways of reporting spectrophotometric data and 
some conventions are not generally understood, it is essential 
for an author to indicate the relation between the symbols used. 
It is recommended that Beer’s law be stated with one of the 
following sets of symbols. 


A = OD = —logye T = amCb = = 


In these equations A is absorbancy (preferred), OD is optical 
6 


of glass), C is the concentration of the absorbing substance in 
moles per liter, c is its concentration in other units (which must 
be specified), as is the absorbancy index, am is the molar absorb- 
ancy index (identical with e, the molar extinction coefficient), 
and b is length of the optical path in cm. If Beer’s law is not 
applicable to a particular substance in solution, this should be 


explicitly stated; even in such cases the substance may be char- + 


acterized by reporting the absorbancy at a specified concentra- 
tion. 

When a substance is characterized by a molar absorbancy 
index by use of radiant energy which is not confined strictly (as 
in a line spectrum) to the wave-length or frequency specified, the 
exact value of this index will be somewhat ambiguous unless the 
so-called spectral interval isolated is also reported. 

See, for instance, K. S. Gibson, Spectrophotometry (200 to 1,000 
millimicrons) U. S. Department of Commerce, National Bureau 
of Standards, Circular 484, issued September 15 (1949), U. S. 
Gov’t Printing Office, Washington, D. C.; also, W. M. Clark, 
Topics in Physical Chemistry, Second Edition, pp. 646-657, The 
Williams & Wilkins Co., Baltimore, 1952. 


Equilibrium and Velocity Constants 

Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in moles per liter; for instance, for the reaction Mg++ + ATP#+“= 
MgATP*-, the association constant is: K = (MgATP?-) /(Mgt*) 
(ATP*); (in units of m~). 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec.— (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in sec.—. 

The term milligram per cent (mg.%) should not be used. 
Weight concentrations should be given as gm. per ml., gm. per 
100 ml., gm. per l., etc. 
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“VITAMIN-FREE” 
TEST CASEIN 


for Biological Procedures 


In nutritional experimentation the type of protein used may well be 
the most important dietary factor. When ‘‘Vitamin-Free’’ Test 
Casein GBI is the protein of choice in the deficiency diet, uniform 
and consistent depletion of test animals occurs well within the re- 
quired time interval specified by the U.S.P. or other methods. 
‘“Vitamin-Free’’ Test Casein GBI is prepared by several hot-alcohol 
extractions designed to remove both fat and water soluble vitamins. 
It is therefore biologically free of vitamins A and D as well as the 
B complex vitamins including vitamin B,, and vitamin K. Biological 
tests are run at significant intervals to assure consistent and satis- 
factory results. Each lot bears a control number for identification 
purposes. ‘* Vitamin-Free’’ Test Casein GBI has been preferred by 
hundreds of laboratories for over 20 years. 

‘*Vitamin-Free’’ Test Casein GBI is available for immediate ship- 
ment in 5 lb., 25 lb., 100 lb. and 250 lb. fibre drums. 


Write for GBI Bulletin 15 entitled, “Biological Test 
Diets for Experimental Animals”. This Bulletin de- 
scribes in detail a wide range of prepared diets in which 
GBI ‘“Vitamin-Free”’ Test Casein is the protein source. 
Included are formula suggestions for diets deficient in 


vitamins, minerals and other factors. Ingredients for 


standard salt mixture formulas are also presented. 


GENERAL BIOCHEMICALS, INC. 


64 LABORATORY PARK ~+- CHAGRIN FALLS, OHIO 
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Low-cost PYREX brand burettes 


~ 


Now buy only the accuracy you need 
».» at a price that makes sense 


These new PyrREX brand Accu-RED Burettes 
are priced at 38% less than our precision (cer- 
tified) models Nos. 2130 and 2131. 

But they provide all the accuracy you need 
for many tasks that do not require extreme pre- 
cision. For example, tolerance on the 25 ml size 
is +0.06 ml. 

Moreover, the low price does not mean any 
sacrifice in quality. You still get all the advan- 
tages of labware carefully crafted from PyREXx 
brand glass No. 7740; no worries about cor- 
rosion or contamination. 

And the easy-to-read markings are in to stay 
because ACCU-RED is part of the glass. Lines 
and figures will last as long as the burette does! 

Other features include an improved pressure 
clip that holds the plug firmly in place and 
smoothly-finished, double-beveled tip. 

You can get these new burettes in 10, 25, 50 
and 100 ml sizes . . . with ACCU-RED or white 

markings. Either type is the answer to your 
accuracy—at-a-price—need in quality labware. 

Contact your usual source of supply. Or take 
a detailed look at the full line of fine glass lab- 
ware from Corning by sending for the basic 
reference, Catalog LG-1. Write to us at 83 
Crystal Street, Corning, New York. 


‘ 


y 
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CORNING GLASS WORKS 


wy CORNING MEANS RESEARCH IN GLASS 


PYREX’ laboratory ware .... the tested tool of modern research 
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SERVICE... 


40% of all new orders shipped within 24 hours; 66% within 48 hours; 83% 
within one week. Figures based on November’s actual shipping record, on all cata- 
log items (not a selected few). Over 80% of all catalog items are in current stock. 


SALES... 


1958 sales were 40% greater than 1957. NENC is the largest domestic producer 
and supplier of research grade radiochemicals. 


TECHNICAL RESOURCES... 


NENC’s staff, consisting entirely of chemists, is concerned solely with processing 
radioactive materials. Members average over 7 years’ experience each in the field 
of radioactivity. 3 


PURITY... 


Because new batches of compounds are constantly being prepared, older stock is 
used for further synthesis, thus minimizing radiation decomposition. Where de- 
composition has occurred, stock compounds are repurified. A radiochromatogram 
is supplied with each shipment, when possible, to demonstrate purity. A high 
rate of sales, constant new compound production, and repurification when needed, 
allow us to guarantee from our own knowledge, the purity of our laboratory 
fresh products. 


PACKAGING... 


NENC does its own packaging. Therefore we can supply each chemical in the exact 
amount, the desired specific activity, and in the right package for you. Advice and 
assistance in the use of tagged compounds are as near as your telephone, from the 
men who made the material. 


VISIT THE RADIOACTIVITY CENTER, BOOTH 121, 
FEDERATION SHOW, ATLANTIC CITY, APRIL 13-17 
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COMMERCIALLY AVAILABLE FOR 
THE FIRST TIME... 


q NEC-155 CORTISONE-4-C'™ 

Specific activity: 13.6 microcuries per 
milligram 

Available from stock 

$100 per 5 microcuries 
(Hydrocortisone-4-C!4 available soon) 


NEC-156 THYMIDINE-2-C!4 

Specific activity: 1.1 millicuries per mil- 
limole 

Available from stock 

$160 per 100 microcuries 


ALSO eee 

NEC-157 Acetonitrile-1-C"™ 

NEC-158 Paraldehyde-C"* 

NEC-159 DL-Ureido-C"*-succinic Acid 
And... 28 other new carbon-14 and trit- Hc C CHOH 


ium labeled compounds since 


the Feb. 1, 1958 catalog. HOOF 


SALES REPRESENTATIVES: 
ATOMLIGHT, our bi-monthly technical 


ATOMIC ASSOCIATES, word bulletin, will be sent on request. 
Boston New York Philadelphia 
Washington, D.C. * Atlanta * Chicago Complete catalog available. 


Pittsburgh Dallas tos Angeles 
San Francisco 


RADIONICS, Ltd. new england 


Montreal, Canada 575 ALBANY STREET, 
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Model LRA Shown set up for 
continuous flow operation 


_ (Cover normally closed) 


The model LRA is the first automatic refrigerated centrifuge of 
its kind. Like the non-automatic Model LR, it has the newest and 
most efficient refrigeration design ever introduced. By proper 
placement of cutouts, baffles and deflection plates, a smooth 
forced air circulation system is set up. The warm air coming off 
the rotor flows around large surface area cooling coils on the side 
and bottom of the chamber. Upon emergence in the cooled form, 
the air flows onto all portions of the rotor. This system permits 
the cooling of any Lourdes’ rotor from ambient to 0°C within ten 
minutes by spinning at slow speed. Rotor temperatures are easily 
maintained at 0°C and lower during full speed extended runs, 
and as low as —15°C at lesser speeds or for shorter runs. 


By merely throwing a toggle switch, a 1 Hp..motor automa- 
tically accelerates any rotor to a pre-set speed . Lourdes’ electro- 
dynamic push-button braking system provides for smooth rotor 
stopping in a fraction of unbraked stopping time. A time delay 
relay releases the braking action at slow speed and permits the 
rotor to stop naturally without disturbing the sediment. This same 
centrifuge is now available with a 12 Hp. motor drive (Model 
LRA-1) to provide higher speed and force with the smaller rotors. 


Each centrifuge comes adapted to accommodate the new 
Lourdes’ continuous flow system at no additional cost. The con- 
tinuous flow rotors with polyethylene liners, in addition to ease of 
operation, assembly and disassembly, also offer fast flow rate, 
high speed and force and greater collection capacity than any 
comparable continuous flow centrifuge. New time saving ap- 
plications for these rotors are being discovered daily. 


Every Lourdes’ instrument is guaranteed for a period of one 
year and this guarantee insures customer satisfaction. 


Super-Speed 


REFRIGERATED 


LARGEST MANUFACTURER OF SUPER-SPEED CENTRIFUGES. ESTABLISHED 1944 


CENTRIFUGE 


Fully automatic rotor acceleration 
Push button Electro-Dynamic Braking 
(smooth stopping) 

Accommodation for new continuous 
flow system’ 

Automatic unbalance Electrical Safety 
trip 

Accommodates new 3 liter capacity 
rotor (10,000 X G) 

All Lourdes’ rotors directly 
changeable 

Unsurpassed refrigeration efficiency 
Electric tachometer and synchronous 
timer 

Complete safety controls 
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wf 


C-49 


Write for B 


Non-Refrigerated centri 


LOURDES Instrument Corp. 


o3rd STREET & Ist AVENUE 


BROOKLYN 32, NEW YORK 
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Multimixer—All. purpose homogenizer 


The PO4 
Polariter 


is a comparatively new technique offering vast possibilities in the field of 
chemical analysis, inorganic and organic. The measurement of diffusion 
current in a well defined electrolytic process makes it possible to determine the 
unknown component in concentrations down to 104 mol per liter or less. 
The method can be applied to any chemical system having a well defined 
reduction potential, and can result in determinations to a fraction of a 
microgram per gram of solution. 


The Radiometer PO4 Polariter is a mains operated unit, presenting 
polarographic traces of high sensitivity and resolving power on built-in direct 
pen recorder. Provision for derivative and peak polarograms, damping, 
condenser current compensation, and maximum sensitivity of .00008 
microamperes per mm. on a 250 mm. recording width, makes the PO4 

a complete and versatile instrument, ideal for series determinations utilizing 
unskilled laboratory help. Let us know and we will be happy to send you 
complete catalogue and literature. Radiometer PO3, more modestly 
priced for less stringent applications, is also available. 


SOLD AND SERVICED INUSA BY 


WELWYN INTERNATIONAL INC. 


3355 Edgecliff Terrace 


EVELAND HI 
CLEV OHIO 72 Emdrupve; 


Canada Contact any Branch of Canadian Laboratory Supplhes limited 
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If you wish to re- 
ceive the Radio- 
meter quarterly 
journal POLARO- 
GRAPHICS, con- 
taining literature 
reviews and cur- 
rent polarographic 
abstracts, please 
advise us. 
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RADIOPURITY 
GUARANTEED 


LARGE STOCKS 


Radioautographs of paper 
chromatograms with each lot. 
Gases and liquids analyzed 

by gas chromatography. 


Amino Acids Fatty Acids (a 
Hydrocarbons 
Purines & Pyrimidines 
Ring Labeled Aromatics 
Sugars 


AVAILABLE FROM STOCK 
N-Acetyl-1-C'*-L-Glutamic Acid 


WRITE TO 
DEPARTMENT B 
FOR CATALOG 
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“IDENTIFICATION AND CHEMICAL ASSAY OF : 


NOREPINEPHRINE IN BRAIN AND OTHER TISSUES‘“* 


“A simple, rapid fluorometric method for the estimation of catechol 
amines in brain and other tissues is described. 


The procedure involves extraction of catechol amines from tissue : 
homogenates into butanol. After returning the amines to an 
; aqueous phase, they are oxidized to form fluorescent derivatives 
which are measured in a spectrofluorometer.” 


——NOREPINEPHRINE  & DOPA 
== =EPINEPHRINE © BRAINSTEM 

© CEREBRUM 
® CEREBELLUM 


ARBITRARY UNITS 


* Ref: Parkhurst A. Shore 

and Jacqueline S. Olin, 

Journal of Pharm. and Experim. 
Therapeutics, Vol. 122, No. 3. 


300 350 400450 450 500 550 600 
my 

Activation spectra (left) and fluorescence spectra — 
(right) of various catechols and rabbit brain extracts. 
| To obtain the activation spectra, the fluorescence 
- monochromator of a Farrand Recording Spectroflu- 
orometer was set at 520 my and the spectra from 
| the activating monochromator were scanned. To ob- 
Z - tain the fluorescence spectra, the activating mono- 
chromator ‘was set at 400 mu and the spectra from 

the fluorescence ‘monochromator were scanned. 


FARRAND. 
SPECTROFLUOROMETER 


Spectrofluorometric assay has distinct advantages over physical methods 
using light absorption. Fluorescent methods, where applicable, are far more 
discriminating than either Colorimetric or Spectrophotometric assay and 
yield a sensitivity at least two orders of magnitude greater than Spectro- 
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tied wh bath encod for 


For fast reproducible determinations of melting points conforming to official 
U.S.P. and similar methods using glass capillary tubes. Electrically heated, 
range from room temperature to350°C.Takes up to five samples simultaneously. 


Consisting of illuminated, silicone fluid bath with electric stirrer, lagless 
heater controlled by autotransformer, built-in capillary vibrator, armored 
thermometer, etc., combined in a single sturdy unit. 


PERISCOPIC THERMOMETER READER 
Provides magnified thermometer indication in window adjacent to 
capillary magnifier, for ease in observation of both bath temperature 
and melting sample. 
Upper mirror assembly of periscope is raised or lowered to follow 
mercury level of thermometer by turning knob at side of reader housing. 


aig Rg enclosed in cabinet except for observation port which is 
shielded by the magnifier. Removal of bath automatically disconnects 
heater and stirrer. 


Rapid heating and cooling—Lightweight, coiled Nichrome wire heater, 
500-watts, responds rapidly to changes in input voltage, providing 
rapid lagless heat. Bath temperature can be raised rapidly to within 
a few degrees of the anticipated melting point—can be raised to 350°C 
in 614 minutes—and then raised slowly until melting occurs. Bath can 
then be cooled rapidly for the next determination—from 300°C to 
150°C in approx. 5 minutes—by attaching compressed air line to 
the fitting provided. 


Capillary Vibrator— Recessed in top of housing. Shakes capillaries thor- 
oughly, insuring uniform packing of sample. 


A 100 ml beaker of borosilicate glass is used as the melting point bath. 
Bath is protected from dust and air currents by being completely contained 
within the instrument case. Oil in bath is circulated by an electrically 
driven stirrer with speed controlled from the instrument panel. Instrument 
is housed in a gray metal case, with thermometer protected by metal guard. 
For ease in changing the bath liquid, bath assembly including stirrer and 
thermometer can be lifted out of the cabinet. 


6406-H. Capillary Melting Point Apparatus, Thomas-Hoover ‘“Uni-Melt,” as above 
described, with thermometer —10 to 360°C in 1°, set of six melting point standards, 4 oz. Silicone 
Fluid, 100 capillaries, and 6 ft. 3-wire connecting cord, but without periscopic reader. For 115 volts, 


6406-K. Ditto, but complete with Periscopic Thermometer Reader........eeseeeeeees 207.50 
6407-A. Periscopic Thermometer Reader, only, with mounting bracket and screws for convenient 
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10% discount in lots of 6, complete Apparatus or Periscopic Reader 
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The Formation of 2-Keto-3-deoxyheptonic Acid in Extracts 
of Escherichia coli B 


I. IDENTIFICATION 


ARTHUR WEISSBACH AND JERARD HuRwItTz 


From the National Institute of Arthritis and Metabolic Diseases, United States Public Health Service, Bethesda, Maryland, 
and the Department of Microbiology, Washington University School of Medicine, St. Louis, Missouri 


(Received for publication, April 1, 1958) 


Waravdekar and Saslaw (1) have reported a sensitive color 
test for deoxyribose which depends on the periodate oxidation of 
the deoxy sugar. The malondialdehyde formed in this oxida- 
tion is coupled with thiobarbituric acid to give a chromogen with 
an absorption maximum at 532 my. While investigating the 
metabolism of ribose 5-phosphate in extracts of Escherichia colt 
strain B, the formation and accumulation of a product which 
reacted in the periodate-thiobarbituric acid test was noticed. 
The color formed in this case had an absorption maximum at 545 
to 550 my rather than 5382 mu. The compound responsible for 
the color has been identified as 2-keto-3-deoxvheptonie acid (1) 
in which the configuration of the groups on carbons 4, 5, and 6 
remains undetermined. 


COOH 


CH: 
(CHOH); 


CH2,OH 


Compounp I 


This paper is to report the partial identification and properties 
of this compound. The following paper will deal with its en- 
zymic synthesis. 

EXPERIMENTAL 


Enzymic Preparations—E. coli strain B was grown in liquid 
media containing 13.6 gm. of KH2PQO,, 2.0 gm. of (NH4)S0O,, 
0.2 gm. of MgSO,-7 HO, 0.01 gm. of CaCle, 0.0005 gm. of 
FeSO,-7 H.O and 5 gm. of glucose per liter. The pH was ad- 
justed to 7.2 with KOH and the culture incubated at 37° with 
vigorous aeration. When the growth was sufficient to give an 
optical density of 0.200 to 0.300 at 650 my, as measured in the 
Coleman Junior spectrophotometer, the cells were collected in 
the Sharples supercentrifuge. After being washed with water, 
the cells were broken by Nossal disintegration (2) at —10°. 


The cells were shaken for a total of 1 minute in 15-second periods. | 


For every 2 gm. of cells, 8 gm. of glass powder and 8 ml. of 0.1 
M Tris! buffer, pH 7.5, were used. After the cells had been 


' The abbreviations used are: Tris, tris(hydroxymethy])amino- 
methane; KDA, 2-keto-3-deoxyheptonic acid; KDPA, 2-keto-3- 
deoxy-7-phosphoheptonic acid. 
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broken, the mixture was centrifuged at 20,000 * g and the clea. 
supernatant fluid was used as the cell-free extract (crude ex- 
tract). 

Preparation of Dialyzed Extract—The cell-free extract was 
brought to 90 per cent saturation with ammonium sulfate. The 
precipitate was centrifuged, collected, and dissolved in one-half 
the original extract volume using 0.1 m Tris, pH 7.5. This am- 
monium sulfate fraction was dialyzed for 6 hours against 0.01 
M sodium acetate containing 0.0001 m ethylenediaminetetraacetice 
acid in a rocking dialyzer at 0°. 


Determinations 


The thiobarbituric acid test (1) was used with the following 
modifications. The sample in 0.20 ml. or less of solution was 
added to 0.25 ml. of 0.025 n HIO, in 0.125 n H-SO,. After 20 
minutes at room temperature, 0.50 ml. of 2 per cent sodium 
arsenite in 0.5 N HCl was added with shaking, and the solution 
was permitted to stand two minutes. Two ml. of 0.3 per cent 
thiobarbituric acid (pH 2) were added and, after stirring, the 
mixture was heated at 100° for 10 minutes. When the mixture 
had cooled, the optical density was measured at 548 my in the 
Beckman model B spectrophotometer. Protein was determined 
by the method of Biicher (3). a-Keto acids were measured by 
the semicarbazide method (4). Formaldehyde was determined 
with chromotropic acid (5). Formic acid was determined en- 
zymatically by the method of Rabinowitz and Pricer (6)?. Lac- 
tones were measured by the method of Hestrin (7). 

Phosphatase Incubations—The reaction mixtures contained 2 
umoles of phosphate ester, 40 wmoles of acetate buffer, pH 5.1, 
1 pmole of MgCl, 10 units of potato acid phosphatase in a total 
volume of 0.36 ml. Incubations were carried out at 37° for 120 
to 180 minutes. 

Chromatography— Descending chromatograms with Whatman 
No. 1 filter paper were emploved. The solvents were acetone- 
water (85:15), phenol saturated with water, ethyl acetate- 
pyridine-water (2:1:2), methanol-formic acid-water (8:13:7), 
propanol-formic acid-water (6:3:1), and concentrated ammonia- 
methanol-water (1:6:3). Compounds were visualized with 
alkaline silver nitrate (8) or with a semicarbazide spray (4). 

Substrates—Ribose 5-phosphate was obtained from Schwarz 
Laboratories, Inc., ATP and DPN from the Sigma Chemical 
Company, mercaptoethanol] from Eastman Organic Chemicals, 


2 We are indebted to Dr. Jesse Rabinowitz and Mr. William 
E. Pricer, Jr., for the formate determinations. 
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2-deoxy-b-ribose from Mann Research Chemicals, Inc., 2-deoxy- 
p-glucose from Nutritional Biochemicals Corporation, 1-C'-ri- 
bose was obtained from Dr. H. Isbell of the National Bureau 
of Standards. 1-C"™-ribose 5-phosphate was prepared by the 
method of Horecker et al. (9). Metasaccharinic acid was the 
kind gift of Dr. J. C. Sowden. 
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Fic. 1. The absorption spectra of deoxyribose and 2-keto-3- 
deoxyheptonic acid (KDH) in the thiobarbituric acid test. 
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Fig. 2. Assay for C'‘ activity and for color in the thiobarbituric 
acid (TBA) test. 


TABLE I 
Periodate degradation of C'4-Compound I 


pmole/ml. 


8.6 


* Determined by the semicarbazide method using pyruvic acid 
as a standard (4). 

t 0.10 ml. of C'4-Compound I and 1.0 ml. of 0.025 m periodate in 
0.125 n H.SO, were incubated at room temperature for 2 hours. 
After the addition of 0.05 ml. of 1 m SrCl, (19), the pH was ad- 
justed to 6 with 0.1 ml. of 1.0N NaOH. After 1 hour at 0° the 
precipitate was centrifuged, washed with water, and the wash- 
ings were combined with the original supernatant. Total vol- 
ume = 5.0 ml. 0.25 ml. of this solution was treated with 0.05 
ml. of 2 per cent sodium arsenite and assayed for HCHO. 

t 0.050 ml. of C'4*-Compound I was incubated with 0.50 ml. of 
0.025 m periodate in 0.125 N H2SQ,, for 2 hours at room tempera- 
ture. 1.0 ml. of 2 per cent sodium arsenite in 0.5 Nn HCl was added 
and the solution was then steam-distilled until 120 ml. of distil- 
late had been collected. 0.1 N Na.SO; was added until the faint 
iodine color was absent (0.20 ml.). The pH was adjusted to 7.4 
with NaOH and the solution was concentrated in a vacuum to 
5.25 ml. Aliquots were assayed for formate. 


2-Keto-3-deoxyheptonic Acid 


Vol. 234, No. 4 


Results 


Incubation of the crude cell-free extract of F. coli with ribose 
5-phosphate leads to the formation of a compound (I) which 
produces a color in the thiobarbituric acid test. In Fig. 1 the 
absorption spectrum of the color produced by this compound is 
shown with the color produced by deoxyribose. The colored 
compound formed from Compound I in the thiobarbituric acid 
test shows other characteristics which indicate that it is not 
derived from malondialdehyde. Color formation reaches a maxi- 
mum in about 10 minutes and then decreases after that time. 
This is in contrast to the color produced by malondialdehyde 
which is maximal in about 20 minutes at 100° and is stable. 
Furthermore, the color produced by malondialdehyde is stable 
in strong alkali whereas the color produced by Compound I is 
alkali-labile. 


Accumulation and Isolation of Compound I 


Compound I was prepared from 1-C'-ribose 5-phosphate. 
Since the formation of Compound I in partially purified extracts 
of EF. colt was stimulated by sulfhydryl compounds, and occasion- 
ally by DPN, these cofactors were added to enhance synthesis. 
The incubation mixture contained 10 ml. of cell-free EF. coli 
extract (crude extract) (15 mg. of protein per ml.), 254 umoles 
of ribose 5-phosphate, containing 5.8 x 105° ¢c.p.m., 8 umoles 
DPN, 140 umoles of mercaptoethanol, 2500 umoles of triethanol- 
amine buffer, pH 8.2, in a total volume of 42 ml. After the 
reaction proceeded for 1 hour at 37°, the incubation mixture was 
placed on a Dowex 1-Cl- column, 2.2 < 30 cm. and eluted with 
0.0075 n KCI-0.015 n HCI; 6-ml. fractions were collected. <A 
tenth of a milliliter of each fraction was assayed for C™ and color 
in the thiobarbituric acid test. Fig. 2 shows the data. The 
fractions designated as Peak IV, containing Compound I, were 
pooled, brought to pH 6.5 with sodium hydroxide and treated 
with 0.6 ml. of acid-washed activated charcoal (80 mg. of char- 
coal per ml.) to remove nucleotide impurities. After removal of 
the charcoal, the solution was concentrated in a vacuum to 3.0 
ml. This solution contained 51,000 ¢.p.m. or about 9 per cent 
of the radioactivity of the ribose 5-phosphate in the original 
incubation mixture. If one atom of C from ribose 5-phosphate 
had been incorporated into the new compound, this solution of 
C'-Compound I would have a concentration of about 8 umoles 


per ml. This value is in agreement with the analytical data — 


presented in Table I. 

A large scale run to accumulate Compound I from nonlabeled 
ribose 5-phosphate was also carried out using a dialyzed fraction 
obtained after adding ammonium sulfate to the crude E. coli 
extract to secure precipitation. By this time some evidence for 
the additional requirement of phosphoryl-enolpyruvate as a sub- 
strate had been obtained’ and it was used in the incubation. 
This incubation contained 50 ml. of a dialyzed ammonium sul- 
fate fraction (12 mg. of protein per ml.); 75 ml. of 0.1 M tri- 
ethanolamine, pH 8.2; 20 ml. of ribose 5-phosphate, 50 umoles 
per ml.; 3 ml. of phosphoryl-enolpyruvate, 25 uwmoles per ml.; 
1.0 ml. of DPN, 40 uwmoles per ml.; and 1400 umoles of mercapto- 
ethanol (0.10 ml.). After incubating at 37° for 1 hour, the re- 
action mixture was placed on a Dowex 1-Cl- column, 3 x 35 
cm., and eluted with 0.01 n HCl using the gradient elution 
technique with a mixing chamber containing 300 ml. of water. 
Ten-ml. fractions were collected and 0.10 ml. from each tube was 
tested in the thiobarbituric acid test. Compound I was eluted 


3 Cf. the following paper (21). 
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in about 4 column volumes under these conditions. The tubes 
containing the compound were pooled, brought to pH 6.5 with 
NaOH and concentrated in a vacuum to about 30 ml.; 8 ml. of 
acid-washed activated charcoal (80 mg. per ml.) were added to 
remove nucleotide impurities. After removal of the charcoal 
the clear supernatant fluid was concentrated to 3 ml. 

Properties of Compound I[—Compound I is immediately de- 
stroyed when heated with 1.0 Nn NaOH at 100°. In 1.0 n HCl 
at 100° it has a half-life of about 30 to 40 minutes as measured 
by the thiobarbituric acid test. Compound I shows reducing 
properties in the Park-Johnson test (10), but gives no color in 
the orcinol reaction (11) or the Dische (12) diphenylamine re- 
action. It contains no phosphorus. Its behavior on Dowex 1 
ion exchange resins indicates that it is a weak acid. Although 
Compound I gives no reaction in the Friedemann-Haugen test 
(13) for a-keto acids, it does react with semicarbazide to give a 
compound absorbing at 250 my which is characteristic of a-keto 
acids (4). 

Periodate oxidation of Compound I yields 2 moles of formate 
and 1 mole of formaldehyde per mole of Compound I (Table I). 
Reduction of Compound I with KBH, yields a compound which 
also forms 1 mole of formaldehyde per mole of compound when 
treated with periodate. The ratio of formaldehyde produced to 
periodate consumed is 1:3 as seen in Table II. The compound 
obtained from the reduction of Compound I with borohydride 
shows little or no color formation in the thiobarbituric acid test. 
The concentration of Compound I was calculated from the a-keto 
acid determination using pyruvic acid as the standard. These 
values were also checked in the thiobarbituric acid test using 
2-keto-3-deoxygluconic acid as a standard, as will be discussed 
below. 

Characterization of Compound I—On the basis of the evidence 
presented here, Compound I was tentatively visualized as a 
2-keto-3-deoxyheptonic acid, (2-KDH) (cf. Compound I). The 
periodate oxidation data in Table I indicate that Compound I is 
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TABLE II 
Oxidation of reduced Compound I with periodic acid* 

Substrate Amount utilized 

pmoles pmoles umoles 

Reduced Compound I.......... 0.64 0.23 
Reduced Compound I....... ..-| 0.44 1.44 0.44 


* 4.4 umoles of Compound I in 10 ml. of H.O was reduced with 
100 umoles of KBH, for 30 minutes. The incubation mixture was 
acidified with HCl and taken to dryness seven times in the pres- 
ence of methanol. The residue was dissolved in 2.0 ml. (2.2 
umoles per ml.). 0.10 ml. of this solution was treated with 2.5 
umoles of NalQO, in 1.0 ml. of 0.05 M acetate buffer, pH 5.0. Peri- 
odate consumption was followed spectrophotometrically at 260 
My (20). 


a heptonie acid rather than a hexonie acid since, in the latter case, 
one would obtain only 1 mole of formate per mole of compound 
upon periodate treatment. In other oxidation studies, Com- 
pound I was reduced with KBH,, lactonized in 1 N HCl and then 
oxidized with periodate. A 2-keto-3-deoxyhexonie acid would 
not be attacked by periodate after reduction and lactonization if 
a 6-lactone was formed (Equation 1), whereas the corresponding 
6-lactone of a heptonic acid would be attacked (Equation 2). 
The results of these experiments are summarized in Table ITI. 
As can be seen the lactone of the reduced form of Compound I 
is attacked by 1 equivalent of periodate to vield 1 equivalent of 
formaldehyde. A small percentage of the metasaccharinie acid 
lactone is oxidized by periodate under these conditions, presum- 
ably due to the presence of some y-lactone. If the heptonic acid 
formed the y-lactone, two moles of periodate would be consumed 
per mole of lactone. It is noteworthy that with both the 3- 


O 
Va 
COOH COOH 
| | 
C=O (CHOH) 
| | 
HIO, 
KBH, HCl O » no uptake (1) 
HC—OH HC—OH HC—OH 
| | | 
HC—OH_, HC—OH HC 
| | | 
CH.OH CH,OH CH,OH 
O 
Va 
COOH COOH C 
| | 1 mole of 
C=O (CHOH) (CHOH) HIO, used 
| | | + 
KBH, HCI O __HIO, _ 1 mole of HCHO 
HC—OH HC—OH HC—OH 
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TaB_e III 
Periodate oxidation of reduced, lactonized Compound I* 

Compound Amount | | 

pmoles pmoles pmoles 

Metasaccharinic acid lactonet. 0.40 0.06 0.07 

Lactone of reduced Com- | 


2-Keto-3-deoxyheptonic Acid 


* Compound I was reduced as described in Table II. 

+ Lactones were prepared by heating the compounds in 1 Nn 
HC! at 100° for one hour. An aliquot was oxidized with periodate 
as in Table II. 


deoxyhexonic and -heptonic acids, the 6-lactone is preferred 
under the conditions of lactonization, 7.e., 100° for 1 hour in 1 N 
HCl. 

The periodate oxidation of Compound I was also carried out 
in a Warburg respirometer at 37° to determine if any CO:2 was 
liberated. Under the conditions of oxidation used in the thio- 
barbituric acid test, there is no formation of CO: in the first few 
hours. After this time there is a slow evolution of CO» which 
ends in 24 hours. Two moles of CO: are formed per mole of 
Compound I, presumably from the further breakdown of the 
formyl] pyruvic acid which is formed from carbon atoms 1, 2, 3, 
and 4 of Compound I in the initial oxidation. Concomitant 
with the evolution of COs, there is a loss of color formation in the 
thiobarbituric acid test. It has been reported that malonalde- 
hyde, too, is slowly oxidized by periodate (22). 

Removal of the phosphate group from the shikimic acid pre- 
cursor KDPA (14) would form a 2-keto-3-deoxyheptonic acid. 
With this in mind, a sample of KDPA‘ was tested and observed 
to give the same color as Compound I in the thiobarbituric acid 
test. Treatment of KDPA with potato phosphatase to remove 
the phosphate group increases the color yield obtained in the 
thiobarbituric acid test about 25 per cent. The absorption 
spectra of the color obtained in the thiobarbituric acid test for 
Compound I and KDPA (after phosphatase treatment) are 
identical. In addition the extinction coefficients, in the thio- 
barbituric acid test, calculated for the dephosphorylated KDPA 
(40,000) and Compound I (44,000) on the basis of the a-keto 
acid content of KDPA and of I, are the same within experimental 
error. 2-Keto-3-deoxy-6-phosphogluconie acid, obtained from 
Dr. W. A. Wood, was also treated with potato acid phosphatase 
to remove the phosphate group. This dephosphorylated com- 
pound, whose concentration was determined by its reducing 
properties in the Park-Johnson test using the corrections noted 
by Doudoroff (15), has the same extinction coefficient as Com- 
pound I in the thiobarbituric acid test. A sample of 2-keto-3- 
deoxygalactonate® was also tested in the thiobarbituric acid test 
and shows the same absorption spectrum as do the above com- 
pounds. In addition, Compound I shows the characteristic be- 
havior of 2-keto-3-deoxy sugar acids on paper chromatograms 
when it is sprayed with o-phenylenediamine hydrochloride. One 
obtains a yellow color which changes successively to yellow-green, 
red, and violet (16). 

Paper chromatography of Compound I in various solvents (cf. 
Methods) shows it to migrate as a single spot when visualized 


4 The kind gift of Drs. J. Rothschild and D. B. Sprinson. 
5 Kindly supplied by Dr. M. Doudoroff. 
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with either silver nitrate or the semicarbazide spray. Further- 
more, Compound I migrates with the same Rr as does the de- 
phosphorylated product of KDPA in the solvent systems tested 
(acetone-water; ethyl acetate-pyridine-water; phenol-water). 

Synthesis of 2-Keto-3-deoryheptonic Acid—The synthesis of 
2-keto-3-deoxyheptonic acid was attempted from 2-deoxy-p-glu- 
cose by a modification of the Kiliani synthesis (17): 975 mg. of 
2-deoxy-p-glucose were dissolved in 10 ml. of water with 400 mg. 
of anhydrous calcium chloride and 325 mg. of sodium cyanide, 
After 24 hours at room temperature the calcium was removed by 
the addition of oxalic acid until a pH of 3 was obtained. After 
removal of the precipitate the pH of the solution was adjusted to 
6 and the solution was heated at 100° for 15 minutes to hydrolyze 
any lactone present. This solution was concentrated in a vac- 
uum to 2 to 3 ml. and subjected to chromatography on a cellu- 
lose column, 3 X 30 cm., with 80 per cent acetone as the eluting 
solvent. The main peak, appearing in 2 to 5 column volumes, 
was concentrated in a vacuum to a syrup (3-deoxyheptonic acid). 

The 3-deoxyheptonic acid prepared synthetically from 2-deoxy- 
p-glucose was oxidized with potassium chlorate and vanadium 
pentoxide as described by De Ley and Doudoroff (16) to form, 
as one of the products, 2-keto-3-deoxyheptonic acid. After the 
oxidation of the heptonic acid (1 mmole) was complete, the mix- 
ture was chromatographed on a cellulose column, 3 xX 33 em., 
with 85 per cent acetone as the eluting solvent. Two peaks, 
which gave the characteristic color in the thiobarbituric acid test 
with a maximal absorption at 545 to 550 my, were isolated. 
The earliest peak, appearing in about 1.5 to 2 column volumes, 
and the later peak, appearing in 2.5 to 3.5 column volumes, were 
collected and separately concentrated in a vacuum. The early 
peak was rechromatographed on a cellulose column as above, 
and the peak was reisolated. This rechromatographed early 
peak was found to give one spot on paper chromatography, as 
visualized with either silver nitrate or the semicarbazide reagent, 
and moved with the same Rr as Compound I in these solvent 
systems: methanol-formic acid-water; ethyl acetate-pyridine- 
water; acetone-water; and methanol-ammonium hydroxide-wa- 
ter. 

Reduction of Compound I with Sodium Borohydride—The re- 
duction of the keto group of Compound I to form the correspond- 
ing alcohol should yield a mixture of two 3-deoxyheptonic acid 
isomers identical to the chemically synthesized product. This 
reduction was accomplished with sodium borohydride. Ten 
umoles of Compound I in 0.25 ml. of water at pH 6 were treated 
with 1.0 mg. of sodium borohydride. After 18 hours the solution 
was acidified with HCl and repeatedly taken to dryness in a vac- 
uum with methanol at 50°. The residue was taken up in 1.0 ml. 
of water, adjusted to pH 7, and heated at 100° for 10 minutes to 
hydrolyze any lactone present. When the material obtained in 
this way was chromatographed on paper, it showed one spot 
which moved with the same R, as the synthetically prepared 3- 
deoxyheptonic acid. The solvents used were: ethyl acetate-pyri- 
dine-water; acetone-water; propanol-formic acid-water; and meth- 
anol-ammonium hydroxide-water. 


DISCUSSION 


The evidence presented above indicates that Compound I is 
2-keto-3-deoxyheptonic acid. This is based on its properties as 
an a-keto acid, on periodate oxidation studies, and on its chroma- 
tographic identity with the dephosphorylated product obtained 
from 2-keto-3-deoxy-7-phosphoheptonic acid reported by Roth- 
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schild (23). Compound I also exhibits typical color reactions 
observed with other 2-keto-3-deoxy sugar acids. 

The formation of KDA in crude cell-free extracts of EF. coli 
strain B, when ribose 5-phosphate is the substrate, is an impor- 
tant pathway for pentose metabolism. Up to 20 per cent of the 
ribose 5-phosphate initially present in the incubation can be con- 
verted to KDA within an hour under the conditions used. The 
isolation and accumulation of KDA in vitro, as reported here, 
represents the first direct demonstration of this compound in 
biological systems. The occurrence of KDA strongly supports 
the mechanism first investigated by Srinivasan and his coworkers 
(14) for the formation of dehydroshikimic acid from erythrose 
4-phosphate and _ phosphoryl-enolpyruvate. 2-Keto-3-deoxy- 
phosphoheptonic acid was postulated as an intermediate in this 
reaction, as shown in Equation 3. 


COOH 

C—O—PO;H» 

| 

CH, CH, 

+ _, HOCH dehydroshi- 
CHO kimic acid 
| HCOH 
HC—OH | 

| HCOH 
HC—OH 

| CH,OPO;H: 

H 

CH,O—PO;H2 


Alternately, removal of the phosphate group from KDPA 
would yield a 2-keto-3-deoxvheptonic acid with carbon atoms 4, 
5, and 6 of the p-glucose configuration which is presumably Com- 
pound I. 


A. Weissbach and J. Hurwitz 
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Since erythrose 4-phosphate and phosphoryl-enolpyruvate 
could easily be formed from ribose 5-phosphate by known reac- 
tions (18), this pathway seems the likely biosynthetic route to 
KDA. _ Further evidence in support of this theory is presented in 
the following paper (21). 

The thiobarbituric acid test, originally developed for 2-deoxy- 
ribose by Waravdekar and Saslaw, provides an excellent and 
very sensitive method for the determination of compounds which 
can form formyl pyruvic acid (Compound II) upon periodate ox- 
idation. The thiobarbituric acid test, when modified as de- 


COOH 


Compounp II 


scribed in this paper, seems quite specific for this grouping. No 
other compounds tested, except the 2-keto-3-deoxy sugar acids, 
react in the thiobarbituric acid test to form a chromogen whose 
absorption maximum is at 545 to 550 mu. As expected, reduc- 
tion of the 2-keto group with borohydride prevents color forma- 
tion in the thiobarbituric acid test. 


SUMMARY 


1. The formation and accumulation of 2-keto-3-deoxy hep- 
tonic acid is observed in crude cell-free extracts of Escherichia coli 
strain B incubated with ribose 5-phosphate. 

2. A modification of the color test developed by Waravdekar 
and Saslaw for deoxy sugars has been found to provide a sensitive 
means for detecting and measuring sugar acids containing a 
2-keto-3-deoxy grouping. 
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The Formation of 2-Keto-3-deoxyheptonic Acid in Extracts 
of Escherichia coli B 
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In the preceding paper (1), evidence concerning the proof of 
structure of 2-keto-3-deoxyheptonic acid was presented and it 
was indicated that this compound is a major product of ribose 
5-phosphate metabolism in extracts of Escherichia coli strain B. 
This report is concerned with the enzymic synthesis of 2-keto-3- 
deoxyheptonic acid in extracts of Escherichia coli strain B and is 
the first direct observation of the biosynthesis of this compound. 
It is suggested that 2-keto-3-deoxyheptonic acid arises from 
erythrose 4-phosphate and phosphoryl-enolpyruvate. The con- 
densation product, presumed to be 2-keto-3-deoxy-7-phospho- 
heptonic acid is then dephosphorylated, yielding 2-keto-3-deoxy- 
heptonic acid. This pathway of 2-keto-3-deoxyheptonic acid 
synthesis is in accord with the observations reported by Srini- 
vasan et al, (2) on the biosynthesis of 2-keto-3-deoxy-7-phospho- 
heptonic acid which has been demonstrated as an intermediate in 
the formation of shikimic acid. 


EXPERIMENTAL 


The following materials were obtained from commercial 
sources: crystalline ATP, ADP, AMP, and DPNH (Sigma Chem- 
ical Company), ribose 5-phosphate (Schwarz Laboratories) and 
P-enolpyruvate (California Foundation for Biochemical Re- 
search). The latter compound was obtained as the tricyclohexyl- 
amine salt and was converted to the potassium salt after passage 
through Dowex 50-K* resin. Streptomycin sulfate was obtained 
from Merck and Company. 

Pentose was determined by the method of Mejbaum (3), and 
sedoheptulose was measured as described by Horecker et al. (4). 
P; was determined by the method of Fiske and SubbaRow (5). 
KDA! was determined essentially by the procedure described by 
Waravdekar and Saslaw (6) as described in the preceding paper 
(1). Protein was measured by the method of Sutherland et al. 
(7). 

P-enolpyruvate was measured with phosphoryl-enolpyruvic 
kinase and lactic dehydrogenase (8). The latter two enzymes 
were obtained from Worthington Biochemical Corporation as the 
twice crystallized lactic dehydrogenase. 


* The investigation was aided by a grant from the National 
Institutes of Health. 

+t Senior Postdoctoral Fellow of the National Institutes of 
Health. 

‘The abbreviations used are: KDA, 2-keto-3-deoxyheptonic 
acid; KDPA, 2-keto-3-deoxy-7-phosphoheptonic acid; P,, in- 
organic phosphate; Tris, tris(hydroxymethy])aminomethane. 


Sedoheptulose 1 ,7-diphosphate and sedoheptulose 7-phosphate 
were gifts from Dr. B. L. Horecker; 2-keto-3-deoxy-6-phospho- 
gluconate was a gift from Dr. W. A. Wood; KDPA was generously 
provided by Drs. P. R. Srinivasan and D. B. Sprinson, and ery- 
throse 4-phosphate was a gift from Dr. C. Ballou. 

E. coli strain B was grown with shaking for 16 hours at 30° in 
the following medium: 1.09 per cent K2HPO,, 0.85 per cent 
KH.PO,, 1 per cent glucose, and 1 per cent yeast extract. The 
cells were harvested after 12 hours at 30° by centrifugation and 
washed twice with cold water and stored in the frozen state with- 
out loss of activity over a period of 3 months. 


RESULTS 


The incubation mixture (0.3 ml.) used for the formation of 
2-KDA contained 20 umoles of glycylglycine buffer, pH 7.5; 4 
umoles of MgCls, 2 umoles of ribose 5-phosphate, 0.6 umole of 
the P-enolpyruvate, 0.1 umole of mercaptoethanol, and varying 
amounts of enzyme. The time of incubation was 30 minutes at 
38°, unless otherwise stated. 

The enzyme preparation was made as follows: 25 gm. of E. coli 
strain B, suspended in 100 ml. of 0.01 m glycylglycine buffer, pH 
7.4, were exposed for 15 minutes in a 10-ke. Raytheon sonic oscil- 
lator and then centrifuged for 30 minutes at 10,000 x g. at 0°. 
The supernatant fluid (crude extract) was then diluted with an 
equal volume of distilled water (total volume, 200 ml.) and 30 
ml. of 5 per cent streptomycin sulfate was added with stirring. 
After 10 minutes, the suspension was centrifuged and the clear 
supernatant fluid (streptomycin sulfate supernatant, volume 210 
ml.) was adjusted to pH 5.0 by the addition of 2 ml. of 2 mM ace- 
tate buffer, pH 5.0. After 10 minutes, the precipitate was re- 
moved by centrifugation (pH 5.0 fraction). The temperature of 
the clear supernatant fluid (215 ml.) was adjusted to about 2° 
and then treated with 41 ml. of acetone (—10°) and the precipi- 
tate collected (Acetone I). The supernatant fluid (250 ml.) 
was treated with 50 ml. more acetone and the precipitate col- 
lected (Acetone II). All fractions were dissolved in 10 ml. of 
0.1 m glycylglycine buffer, pH 7.4. The activites obtained with 
the above fractions are summarized in Table I. As shown, this 
purification procedure indicated that more than one fraction was 
required for KDA formation. While there was demonstrable ac- 
tivity with either acetone fraction alone, the combination of 
Acetone I and Acetone II fractions resulted in nearly 10-fold in- 
crease over the sum of their individual activities. 
5.0 Fraction augmented this activity, this fraction did not appear 
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TaBLeE 
Preparation of enzyme fractions for KDA synthesis 


J. Hurwitz and A. Weissbach 


Fraction Total units* Protein 
meg./ml 
Streptomycin sulfate supernatant. ... 180 4.0 
pH 5.0 + Acetone I + Acetone II...) — 160 
Acetone I + Acetone II............. 128 
pH 5.0 + Acetone!................. 10 | 
pH 5.0 + Acetone II................ 35 | 


* Total units refers to yzmoles of KDA formed per hour with the 
conditions described under Results. 


to be required provided the two acetone fractions were simulta- 
neously employed. 

With crude extracts, under these conditions, both P; and DPN 
stimulated KDA production. ATP had very little effect on this 
synthesis, while ADP addition markedly inhibited KDA syn- 
thesis. As shown in Table II, P-enolpyruvate addition stimu- 
lated KDA formation. In addition when P-enolpyruvate was 
added to the acetone fractions, P; and DPN additions were in- 
hibitory. Also shown in Table II, hexose diphosphate does not 
replace ribose 5-phosphate, nor does pyruvate replace P-enol- 
pyruvate. On the basis of the results shown in Table II, it was 
concluded that 2-KDA synthesis was dependent on both ribose 
5-phosphate and P-enolpyruvate addition. 

Incubation of ribose 5-phosphate with the enzyme fraction 
Acetone I resulted in a decrease in pentose as measured in the 
orcinol test (4); evidence of sedoheptulose formation was ob- 
tained. The latter observation suggested the presence of the 
enzyme transketolase (9). A number of compounds which are 
substrates of this enzyme were compared with ribose 5-phosphate 
as precursors of KDA. In the presence of triose phosphate 
(generated by the addition of hexose diphosphate and aldolase) 
and P-enolpyruvate, sedoheptulose 7-phosphate and fructose 6- 
phosphate addition resulted in demonstrable KDA formation. 
However, when sedoheptulose diphosphate or hexose diphosphate 
was used in place of ribose 5-phosphate, KDA was not produced. 

Once the structure of KDA was ascertained (1), it was evident 
that the synthesis resembled that found by Srinivasan et al. (2) 
for KDPA. These workers have observed that erythrose 4-phos- 
phate plus P-enolpyruvate were almost quantitatively converted 
to 5-dehydroshikimic acid by cell-free extracts of FE. coli. In 
view of these observations, erythrose 4-phosphate was tested as 
a precursor of 2-KDH and these results are presented in Table 
III. It is clear that erythrose 4-phosphate is a much more effec- 
tive precursor than ribose 5-phosphate. In addition, the con- 
densation reaction between erythrose 4-phosphate and P-enolpy- 
ruvate appeared to be catalyzed only by the enzyme fraction 
Acetone II since the addition of the Acetone I fraction had no 
effect on the reaction. 

As discussed in the previous paper (1), the product, KDA, 
was devoid of phosphate. Since the condensation product ob- 
tained from erythrose 4-phosphate and P-enolpyruvate would be 
expected to contain this substance, its absence suggested the 
presence of a phosphatase-like activity, and this was found to be 
the case. As shown in Table IV, KDPA was readily dephos- 
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TaBLe II 
Requirements for KDA formation 


The following conditions were used: In Experiment No. 1, the 
reaction mixture (0.3 ml.) contained 2 umoles of ribose 5-phos- 
phate, 20 uwmoles of glycylglycine buffer, pH 7.5, 0.1 umole of 
mercaptoethanol, 4 wmoles of MgCl:, 0.6 wmoles of P-enolpyru- 
vate, 1 umole of DPN, 10 wmoles of potassium phosphate buffer, 
pH 7.5, 48 ug. of pH 5.0 fraction, 60 ug. of Acetone I and 80 ug. 
of Acetone II. In Experiment No. 2, the additions were the same 
as in Experiment No. | with the exception that P; and DPN were 
omitted. 


Experi- 2-KDH 
ment Additions formed in 
No. 30 minutes 

mumoles 

1 pH 5.0 Fraction + Acetone I + Acetone II... 61 
Acetone I + Acetone II...................... 52 
Acetone I + Acetone II; omit P-enolpyruvate. 18 
Acetone I + Acetone II; omit Pj............. 58 
Acetone I + Acetone II; omit P; and DPN... 85 

2 Acetone I + Acetone II............ 85 
Acetone I + Acetone II + Pj and DPN....... 46 
Omit ribose 5-phosphate.................... 0 

Omit P-enolpyruvate....................... 5 
Pyruvate in place of P-enolpyruvate.......... 0 
Hexose diphosphate; omit ribose 5-phosphate. . 11 

TABLE III 


KDA synthesis from erythrose 4-posphate 


The conditions used were as described in Table II, Experiment 
No. 2. 


2-KDH formed in 30 


Substrate added minutes 


mumoles 
Ribose 5-phosphate (2 wmoles).............. 51 
Erythrose 4-phosphate (0.3 wymole).......... 80 
Erythrose 4-phosphate (0.6 uwmole).......... 118 


TaBLe IV 
Formation of P; from various substrates 


The incubation mixture (0.3 ml.) contained the substrate as 
indicated, 20 wmoles of Tris buffer, pH 7.5, 4 uwmoles of MgCl., 
60 ug. of Acetone I fraction and 80 ug. of Acetone II fraction. 
The reaction was terminated by the addition of 0.1 ml. of 25 per 
cent trichloroacetic acid and Pj estimated by the method of Fiske 
and SubbaRow (5). 


: P; formed i 
Substrate added | 30 
| pmoles 
2-keto 3-deoxy 6-phosphogluconate (1 | 
Ribose 5-phosphate (2 0.05 
Fructose 6-phosphate (2 umoles)......_..... | 0.05 
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TABLE V 
Stoichiometry of KDA System 


All values are expressed in ymoles. In Experiment No. 1, the 
incubation mixture (0.3 ml.) contained 2 wmoles of ribose 5-phos- 
phate, 0.1 wzmole of mercaptoethanol, 4 umoles of MgCl., 20 umoles 
of glycylglycine buffer, pH 7.5, P-enolpyruvate as indicated, 0.12 
mg. of Acetone I fraction and 0.16 mg. of Acetone II fraction. 
The incubation period was as indicated, after which time the 
reaction was terminated by the addition of cold 1 nN HCIO, (0.1 
ml.), followed by 0.4 ml. of water. The solution was neutralized 
with KOH and the KCIO, removed by centrifugation in the cold. 
P-enolpyruvate, P; and KDA were determined as previously 
described. In Experiment No. 2, ribose 5-phosphate was re- 
placed with 0.4 umoles of erythrose 4-phosphate. All other addi- 
tions were the same as above. 


Experiment No. P-enolpyruvate | KDA | P; 

| 

minules pmoles pmoles pmoles 

0 0.02 

20 0.48 | 0.14 | 0.26 

| 

2 0 | 0.42 | 0 0.06 


phorylated by the enzyme fractions used. In addition, this 
phosphatase-like activity appeared to be about five times more 
rapid on this compound than on ribose 5-phosphate or fructose 
6-phosphate. 

The over-all stoichiometry of the reactions involved is sum- 
marized in Table V. The balance found is in agreement with 
the over-all Equation 1. 


Erythrose 4-phosphate + P-enolpyruvate — KDA + 2 P; (1) 


The relationship, 1 mole of P-enolpyruvate disappearing: 1 mole 
of 2-KDH formation:2 moles of P; formation, was also approxi- 
mated with ribose 5-phosphate as substrate. It was also noted 
that on prolonged incubation (60 to 120 minutes) with ribose 


2-Keto-3-deoryheptonic Acid 


Vol. 234, No. 4 


5-phosphate as substrate, more P-enolpyruvate disappeared than 
could be accounted for in the above relationship. The nature of 
this disappearance was not further investigated. 


DISCUSSION 


The data presented above are in accord with the results ob- 
tained by Srinivasan et al. (2). KDA, as measured colorimetri- 
cally (6), does not disappear when incubated with the above 
acetone fractions. However, in the presence of crude extracts of 
E. coli, the compound is converted to a form which no longer re- 
acts colorimetrically. Thus, in the presence of 0.75 mg. of pro- 
tein (crude extract), 25 mumoles of KDA disappeared (50 per 
cent of the substrate added) in 15 minutes. The product of this 
reaction was not determined. However, KDA is not a precursor 
in dehydroquinic acid formation in the system used by Sprinson 
et al.? 

The stoichiometry presented, as well as the presence of a de- 
phosphorylating system, would suggest that the pathway of syn- 
thesis of KDA is shown by Equation 2. 


P-enolpyruvate + erythrose 4-phosphate — KDPA + P; 
(2) 
KDA + Pi 


SUMMARY 


1. In the presence of ribose 5-phosphate or erythrose 4-phos- 
phate and phosphoenolpyruvate, enzyme fractions have been ob- 
tained from F£, coli which catalyze the formation of 2-keto-3- 
deoxyheptonic acid. 7 

2. These enzyme fractions also contain a phosphatase activity 
which yields inorganic phosphate from 2-keto-3-deoxy-7-phos- 
phoheptonic acid, as well as 2-keto-3-deoxy-6-phosphogluconate. 
Ribose 5-phosphate and fructose 6-phosphate are slowly dephos- 
phorylated by these preparations. 


3. The over-all balance is in accord with the reaction sequence: 7 


erythrose 4-phosphate + phosphoenolpyruvate — 2-keto-3- 
deoxy-7-phosphoheptonic acid + inorganic phosphate — 2-keto- 
3-deoxyheptonic acid + inorganic phosphate. 
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The Conversion of Phosphoenolpyruvic Acid and 
D-Erythrose 4-Phosphate to 5-Dehydroquinic Acid* 


P. R. Srintvasan, Masayuki KataGriri,t AND Davin B. Sprinsont 


From the Department of Biochemistry, College of Physicians and Surgeons, Columbia University, New York, New York 


(Received for publication, July 21, 1958) 


[It was shown in previous work that cell-free extracts of Escher- 
ichia coli converted sedoheptulose 1 ,7-diphosphate nearly quan- 
titatively to 5-dehydroquinic acid (1, 2)... Although carbon atoms 
4,5, 6, and 7 of SDP? were shown to be incorporated, probably 
as a unit, into positions 3 to 6 of the dehydroquinate, tracer 
studies on the biosynthesis of shikimic acid (3) indicated that the 
utilization of SDP involved a cleavage of the molecule rather 
than a direct transformation of the intact 7-carbon chain to an 
acyclic precursor of dehydroquinate (2), Further studies, to be 
reported here, have shown that the pathway between SDP and 
dehydroquinate involves the cleavage of SDP to pb-erythrose 
4-phosphate (erythrose-4-P) and dihydroxyacetone phosphate, 
conversion of dihydroxyacetone phosphate to phosphoenol- 
pyruvate (P-enolpyruvate), and synthesis of 5-dehydroquinate 
from erythrose-4-P and P-enolpyruvate. <A part of these results 
appeared in preliminary form (4). 


EXPERIMENTAL 


The preparation of cell-free extracts of F. coli mutant 83-24 
(blocked after shikimic acid) (5), and the assay for 5-dehydro- 
quinie acid and 5-dehydroshikimic acid, were described previ- 
ously (1).3. The KDHP used in the experiments of Table V 
was prepared by an unpublished method ;‘ the preparation of the 
acetone fraction (KDHP synthetase), and the determination of 
KDHP are described in the following paper (8). 

The mutant strains used in this work were kindly furnished 
by Professor B. D. Davis. The cyclohexylammonium erythrose- 
4-P dimethylacetal (9) was a generous gift of Professor C. E. 
Ballou. Erythrose-4-P was prepared as sodium salt (9). Bar- 


* This work was supported by grants from the American Cancer 
Society, the National Institutes of Health of the United States 
Public Health Service, the Rockefeller Foundation, and the Wil- 
liams-Waterman Fund. 

+t Present address, Chemistry Department, Faculty of Science, 
Nagova University, Nagoya, Japan. 

t Career Investigator of the American Heart Association. 

1 Under the experimental conditions described previously (1, 2), 
and in the present work, 5-dehydroshikimice acid is the actual end 
product of this conversion. The reactions of interest here, how- 
ever, are those concerned with the formation of 5-dehydroquinic 
acid, the first known cyclic intermediate in aromatic biosynthesis. 
This intermediate will therefore be referred to as the end product 
of the reactions discussed in this paper. 

?The abbreviations used are: SDP, sedoheptulose 1,7-diphos- 
phate; KDHP; 2-keto-3-deoxy-p-arabo-heptonic acid 7-phosphate. 

3The mutant used for the bioassay is a quintuple aromatic aux- 
otroph, Aerobacter aerogenes strain A170-143SI (6), which responds 
equally well to 5-dehydroquinic, 5-dehydroshikimic, and shikimic 
acids. 

‘1D. B. Sprinson and J. Rothschild, in preparation (cf. (7)). 


ium P-enolpyruvate was a generous gift of Mr. W. E. Pricer, 
Jr., and was converted to the potassium salt. SDP was prepared 
enzymatically (10) through the kindness of Professor B. L. 
Horecker. Crystalline muscle aldolase and a sample of SDP 
which was assayed (11) to be enzymatically pure were gifts of 
Professor E. Racker. 

The following compounds were obtained from commercial 
sources: fructose 1 ,6-diphosphate and p-3-phosphoglyceric acid 
(3-P-glyceric acid), Schwarz Laboratories, Inc.; DPN, Pabst 
Laboratories; and crystalline sodium ATP, Sigma Chemical Com- 
pany. 

Protein concentration was estimated spectrophotometrically 
(12). 


RESULTS AND DISCUSSION 


Conversion of Erythrose-4-P and P-enolpyruvate to 5-dehydro- 
quinate—As shown previously (2), SDP was nearly quantitatively 
converted to 5-dehydroquinate by extracts of FE. coli in a 2-hour 
incubation. It can be seen from Table I that this conversion 
was completely blocked by fluoride and iodoacetate. In the pres- 
ence of fluoride, synthesis was restored by P-enolpyruvate, while 
in the presence of iodoacetate either this substance or 3-phospho- 
glyceric acid (3-P-glyceric acid), but not DPN, restored synthe- 
sis. These results suggested that the glycolytic reactions from 
triose phosphate to P-enolpyruvate are involved in the conver- 
sion of SDP to 5-dehydroquinate. The suppression of 5-dehy- 
droquinate formation by fluoride and iodoacetate would be due 
to their well known inhibition of enolase and triose phosphate 
dehydrogenase, respectively. A reasonable explanation of the 
results in Table I can be based on the reaction sequences | to 3 
for the conversion of SDP to 5-dehydroquinate. 


SDP = erythrose-4-P + dihydroxvacetone phosphate (10) (1) 
Dihvdroxvacetone phosphate 

3-P-glyceric acid P-enolpyruvate (2) 

Ervthrose-4-P + P-enolpyruvate — — 5-dehydroquinate (3) 


It was possible to put this postulated mechanism to the test 
when erythrose-4-P became available through the elegant work 
of Ballou et al. (9). As can be seen from Table II, P-enolpyru- 
vate and erythrose-4-P were converted nearly quantitatively to 
dehydroquinate at a more rapid ratethanSDP. Neither fluoride 
nor iodoacetate were able to block the conversion of P-enolpyru- 
vate and erythrose-4-P. Pyruvate could replace P-enolpyruvate 
to a limited extent, presumably as a result of the action of ATP- 
P-enolpyruvate transphosphorylase, or of the following sequence 
(14). 
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TABLE 
Effect of fluoride and iodoacetate on conversion of 
SDP to §-dehydroquinic acid 

The incubation mixture contained 0.1 ml. of extract (2 mg. of 
protein), 5 umoles of MgCl2,* 50 wmoles of potassium phosphate 
buffer, pH 7.4, and 0.25 umole of potassium SDPf in a final vol- 
ume of 1 ml. Other additions, when present, were 10 umoles of 
KF or 0.5 umole of iodoacetate. When iodoacetate was added, the 
solution, 0.95 ml., was preincubated at 37° for 15 minutes before 
the addition of SDP. After incubation at 37° for the indicated 
length of time aliquots were removed for bioassay (1). 


Conversion to 
dehydroquinate 
Substrate and additions 
1 hour | 2 hours 
% % 

SDP + fluoride + 0.5 uwmole of FDPt............. 0 0 
SDP + fluoride + 0.5 umole of PGA.............. 0 0 
SDP + fluoride + 0.5 ymole of pyruvate.......... 0 1) 
SDP + fluoride + 0.3 umole of PEP.............. 37 80 
SDP + iodoacetate + 0.25 umole of DPN......... 0 0 
SDP + iodoacetate + 0.5 umole of FDP.......... 0 0 
SDP + iodoacetate + 0.5 umole of PGA.......... 46 83 
SDP + iodoacetate + 0.5 umole of pyruvate...... 0 0 
SDP + iodoacetate + 0.3 umole of PEP.......... 46 83 


* Mg++ is not needed in the conversion of erythrose-4-P and 
P-enolpyruvate to dehydroquinate, but is required in reactions 
involved in the formation of P-enolpyruvate from triose phos- 


phate. 

t As estimated by the orcinol reaction (13) on a sample con- 
taminated with fructose-1,6-di-P. 

t FDP, fructose-1,6-di-P; PGA, 3-P-glyceric acid; PEP, P-enol- 
pyruvate. 


TABLE IT 


Synthesis of dehydroquinate from p-erythrose-4-phosphate 
and phosphoenol pyruvate 


The incubation and assay procedures were as in Table Il. SDP 
and erythrose-4-P were used in 0.25-u.mole amounts. 
| Conversion to 
dehydroquinate 
Substrates and additions 
! 1 hour | 2 hours 
% % 
Erythrose-4-P + 0.3 wmole of PEP................ 


Erythrose-4-P + fluoride + 0.3 umole of PEP 
Erythrose-4-P + fluoride + 0.5 umole of PGA.... a7 
Erythrose-4-P + iodoacetate + 0.3 umole of PEP... 90 
Erythrose-4-P + iodoacetate + 0.5 umole of PGA 90 


% 


Erythrose-4-P + 0.5 ymole of pyruvate. | 12 
Erythrose-4-P + 0.5umole of pyruvate + 0. Samole | | 


* PEP, P-enolpyruvate; PGA, 3-P-glyceric acid. 


Conversion of P-enolpyruvate and Erythrose-4-P to Dehydroquinate 
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Pyruvate + TPNH + H* + CO, — malate + TPNt 
Malate + DPN* — oxaloacetate + DPNH + H* (4) 
Oxaloacetate + ITP — P-enolpyruvate + CO, + IDP 
IDP + ATP — ITP + ADP 


It must be assumed that most of the added pyruvate was oxidized 
and that some of the ATP, formed through oxidative phosphoryl- 
ation, was used for P-enolpyruvate synthesis. Added ATP did 
not stimulate pyruvate utilization.® 

These results lend strong support to previous conclusions, 
based on tracer studies, that in the biosynthesis of shikimic acid 
from glucose the carboxyl and carbon atoms | and 2 are derived 
from a 3-carbon intermediate of glycolysis, and carbons 3, 4, 5, 
and 6 are derived from tetrose phosphate, generated via the pen- 
tose phosphate pathway (3). It was further suggested that the 
carbon atom corresponding to carbon 3 of triose phosphate be- 
came attached to carbon 1 of the tetrose. This is in accordance 
with the reasonable expectation that carbon 3 of P-enolpyruvate 
is condensed with carbon 1 of erythrose-4-P in the first step of 
the reactions indicated in Equation 3. Further evidence on this 
point is reported in the following paper (8) where P-enolpyruvate 
and erythrose-4-P are shown to condense to form KDHP and 
inorganic phosphate. 

§-Dehydroquinate Formation in Charcoal-treated Extracts—The 
oxidation of triose phosphate to 3-P-glyceric acid (Equation 2) 
requires DPN, ADP, and inorganic phosphate. Presumably the 
crude extracts used in this study contained the catalytic amounts 
of DPN and ADP needed to form 3-P-glyceric acid which was 
further converted to P-enolpyruvate. Regeneration of DPN 
would take place through the action of DPNH oxidase (which is 
known to be present in F. coli extracts (15)) while regeneration 
of ADP would be expected as a result of ATPase activity. It 
was shown previously (2) that treatment of the extracts with 


charcoal led to a loss of activity in the conversion of SDP to de- 


hydroquinate, and that the addition of DPN alone was sufficient 
to restore it. As would be expected erythrose-4-P and P-enol- 
pyruvate were readily converted to dehydroquinate without the 
addition of DPN (Table III). In the presence of P-enolpyruvate 
the charcoal-treated extracts were able to utilize SDP as a source 
of erythrose-4-P for dehydroquinate formation, although the 
vields at 1 hour were lower than from SDP plus DPN. 

The decreased rate of synthesis from SDP and P-enolpyruvate 
in the charcoal-treated extracts may be explained by the observa- 
tion (8) that SDP inhibits the condensation of erythrose-4-P and 
P-enolpyruvate. The effect of this inhibition on dehydroquinate 
formation from SDP is shown in Table IV. Concentrations 
above 0.25 uwmoles per ml. are progressively more inhibitory. 
The earlier finding (4) that in charcoal-treated extracts SDP was 
unable to serve as a source of erythrose-4-P in the presence of 
P-enolpyruvate was due to a contamination’ of the SDP by 


5 ATP was inhibitory in the conversion of erythrose-4-P and 
P-enolpyruvate to 5-dehydroquinic acid. At a concentration of 
10-3mM ATP (incubation mixture as described in Table IL) the yield 
of dehydroquinate was decreased by 45 per cent. 

* It must therefore be assumed that not all of the ADP was re- 
moved by the charcoal treatment, or that 1,3-diphosphoglycerate 
was degraded in a way not involving ATP-phosphoglyceric trans- 
phosphorylase. Subsequent work (16) showed that the immediate 
product of the P-enolpyruvate condensation with erythrose-4-P, 
i.e. KDHP, also requires DPN for conversion to 5-dehydroquinic 
acid. A more thorough treatment with charcoal (6 to 7 mg. per 
mg. of protein with gentle shaking for 1 hour) is necessary to show 
this requirement. 

7 We are grateful to Professor E. Racker for the information 
that this sample of SDP contained 23 per cent of fructose-1,6-di-P. 
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TaBLeE III 
DPN requirement in conversion of SDP to dehydroquinate 


For the removal of DPN, extracts containing 20 mg. of protein 
per ml. were allowed to stand with charcoal (1 mg. per mg. of pro- 
tein) at 0°. The mixture was stirred every 5 minutes by gentle 
aspiration into and release from a pipette. After 30 minutes the 
charcoal was removed by centrifugation at 0°. The reaction mix- 
tures contained 0.25 umole of erythrose-4-P, SDP, or DPN, and 
0.3 umole of PEP. The incubation and assay procedures were as 
in Table I. 


| Conversion to 


| dehydroquinate 

Substrate and additions | 

1 hour 2 hours 

% % 
Erythrose-4-P + PEP........................ 80 90 
SDP* + PEP + 0.1 umole of FDP............ 18 33 
SDP* + PEP + 0.2 umole of FDP............ 14 28 
SDP* + PEP + 0.4 pmole of FDP............ 8) 24 
SDPt (used in previous work (4)) + PEP..... + 16 


* Pure SDP, by enzymatic assay. 
+ PEP, P-enolpyruvate; FDP, fructose-1,6-di-P. 
t Crude SDP (cf. second footnote to Table I). 


fructose-1 ,6-di-P, which is also an inhibitor of the erythrose-4-P 
and P-enolpyruvate condensation (8). The inhibitory effect of 
fructose-1 ,6-di-P on the formation of dehydroquinate from SDP 
and P-enolpyruvate in charcoal treated extracts is shown in 
Table III. It is noteworthy that fructose-1 ,6-di-P is a more pro- 
nounced inhibitor of the conversion of SDP plus P-enolpyruvate 
to dehydroquinate (Table III) than of the P-enolpyruvate— 
erythrose-4-P condensation (8). This can be accounted for by 
the very small concentrations of erythrose-4-P present when 
SDP is used as a source of tetrose phosphate, since the aldolase 
equilibrium favors the formation of SDP (10). In the presence 
of DPN, both SDP and fructose-1 ,6-di-P are removed by glyco- 
lytic reactions. 

That dehydroquinate formation from SDP involves an uncom- 
plicated cleavage of SDP to erythrose-4-P and triose phosphate 
is further supported by the observations shown in Table V. 
When a purified fraction inactive on SDP and capable of condens- 
ing erythrose-4-P and P-enolpyruvate to KDHP (8), was supple- 
mented with crystalline muscle aldolase, it formed KDHP also 
from SDP and P-enolpyruvate. 
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TABLE IV 


Inhibitory effect of increasing concentration of SDP 
on its conversion to 5-dehydroquinic acid 


The incubation and assay procedures were as in Table I. 


Conversion to dehydroquinate 


SDP* 
1 hour | 2 hours 
pmoles/ml. g pmoles | umoles 
0.25 0.081 0.16 
0.50 0.16 0.24 
1.0 | 0.11 0.23 
2.0 | 0.090 0.23 
4.0 | 0.14 0.28 


* Pure SDP, by enzymatic assay (11). 


TABLE V 


Conversion of SDP and P-enolpyruvate to KDHP by muscle 
aldolase and purified KDHP synthetase 


KDHP formed at: 


Substrates 
15 minutes | 30 minutes | 60 minutes 
pmoles pmoles pmoles 
Erythrose-4-P + PEP*......... 0.63 0.64 0.69 


* One umole each of erythrose-4-P and P-enolpyruvate (PEP) 
were preincubated with 100 zmoles of potassium phosphate buffer, 
pH 6.4, in a volume of 1.96 ml., at 37° for 10 minutes. 0.04 ml. of 
acetone fraction (8) (0.30 mg. of protein) was added, and after 
incubation at 37° for the given time intervals, 0.5-ml. aliquots 
were withdrawn, treated with 0.2 ml. of 10 per cent trichloroacetic 
acid, and centrifuged. A 0.2-ml. aliquot of the supernatant solu- 
tion was used for the determination of KDHP (8). 

t Same as above, except that substrates (1 zmole of each) were 
preincubated in a volume of 1.94 ml. and 0.02 ml. (0.2 mg. of pro- 
tein) of muscle aldolase was added with the acetone fraction. 
The SDP used in this experiment was pure by enzymatic assay 
(11). In a control experiment without muscle aldolase there was 
no KDHP formation. 


SUMMARY 


The conversion of sedoheptulose | ,7-diphosphate to 5-dehy- 
droquinic acid in Escherichia coli extracts was shown to be due to 
(a) the cleavage of sedoheptulose | ,7-diphosphate to p-erythrose 
4-phosphate and dihydroxyacetone phosphate; (6b) the oxidation 
of dihydroxyacetone phosphate to phosphoenolpyruvate; and (c) 
the synthesis of 5-dehydroquinic acid from erythrose 4-phosphate 
and phosphoenolpyruvate. 
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2-Keto-3-deoxy-D-arabo-heptonic Acid 
¢-Phosphate Synthetase* 
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In the preceding paper (1) it was demonstrated that cell-free 
extracts of Escherichia coli converted p-erythrose 4-phosphate 
and phosphoenolpyruvate almost quantitatively to 5-dehy- 
droquinic acid. It was postulated that the initial reaction in 
this conversion is a condensation of phosphoenolpyruvate and 
p-erythrose 4-phosphate to yield inorganic phosphate and 2-keto- 
3-deoxy-b-arabo-heptonic acid 7-phosphate. The present paper 
describes the purification and properties of the enzyme carrying 
out this reaction, and the identification of the product as KDHP! 
by comparison with the chemically synthesized compound. The 
name KDHP synthetase is suggested for this enzyme. The 
later stages of the enzyme purification were greatly aided by the 
discovery of Weissbach and Hurwitz (3) (communicated to us 
before publication) that 8-formylpyruvic acid, derived from 
KDHP by the action of periodate, reacts with thiobarbituric 
acid to give an intense pink color with an absorption maximum 
at 549 mu. A part of these results was published in preliminary 
form (4). 3 

EXPERIMENTAL 


Materials—The dimethylacetal of cyclohexylammonium ery- 
throse-4-P was prepared according to the method of Ballou et al. 
(5), and used as sodium erythrose-4-P (5). Barium P-enolpyru- 
vate was a generous gift of Mr. W. E. Pricer, Jr., and was con- 
verted to the potassium salt. KDHP and 3-deoxy-p-arabo- 
heptonic acid 7-phosphate (configuration of a-hydroxyl un- 
known) were prepared according to an unpublished procedure. 
2-Keto-3-deoxygluconic acid 6-phosphate and 2-keto-3-deoxy- 
galactonic acid were gifts of Professor M. Doudoroff. Sedohep- 
tulose 1 ,7-diphosphate, pure by enzymatic assay (6), was a gift 
of Professor E. Racker. Sedoheptulose 7-phosphate was a gift 
of Professor B. L. Horecker. pv-Glucosamine 6-phosphate and 
N-acetyl-p-glucosamine 6-phosphate were gifts of Professor S. 
Roseman. pb-Erythrose (from the diacetamide) and 2,3-diketo- 
valeric acid were gifts of Professor Z. Dische. The cyclohexyl- 
ammonium salts of dihydroxyacetone phosphate and p-glycer- 
aldehyde 3-phosphate were gifts of Professor C. E. Ballou. 


* This work was supported by grants from the American Cancer 
Society, The National Institutes of Health of the United States 
Public Health Service, the Rockefeller Foundation, and the Wil- 
liams-Waterman Fund. 

+ Career Investigator of the American Heart Association. 

1 The following abbreviations are used: erythrose-4-P, p-ery- 
throse 4-phosphate; KDHP, 2-keto-3-p-arabo-heptonic acid 7- 
phosphate; EDTA, sodium ethylenediaminetetraacetate; Tris, 
tris(hydroxymethyl)aminomethane. 

KDHP is correctly named as abover ather than, as in previ- 
ous publication, 2-keto-3-deoxy-7-phosphoglucoheptonic acid. 

2). B. Sprinson and J. Rothschild, in preparation (cf. (2)). 


The mutant strains used in this work were kindly furnished by 
Professor B. D. Davis. Yeast hexokinase (30 per cent pure) was 
a gift of Professor E. Racker. Neurospora DPNase (60 per cent 
acetone fraction) was a gift of Professor N. O. Kaplan. 

The following materials were obtained from commercial 
sources: 3-phosphoglyceric acid, fructose 1 ,6-diphosphate, and 
ribose 5-phosphate, Schwarz Laboratories, Inc.; 2-thiobarbituric 
acid, Eastman-Kodak; crystalline bovine serum albumin, Armour 
Laboratories; diethylaminoethy] cellulose, Brown and Company, 
Berlin, N. H.; protamine sulfate, Nutritional Biochemicals Cor- 
poration; 8-ketobutyraldehyde dimethylacetal (a gift), Henley 
and Company, Inc., New York; DPN, Pabst Laboratories; 
ATP, ADP, and DPNH, Sigma Chemical Company; crystalline 
lactic dehydrogenase (containing P-enolpyruvate-ATP trans- 
phosphorylase), Worthington Biochemical Corporation. 

Analytical Procedures—Protein was determined by the method 
of Lowry et al. (7); however, before the addition of protamine it 
was also estimated spectrophotometrically (8).3 Inorganic phos- 
phate was determined by the method of Fiske and SubbaRow 
(9). P-enolpyruvate was measured enzymatically according to 
Kornberg and Pricer (10). Light absorption measurements were 
carried out on a Cary Recording Spectrophotometer or a Beck- 
man model B Spectrophotomer. 

Enzyme Purification—E. coli mutant 83-24 (5) was grown for 
18 hours with aeration at 37° in medium A (11) supplemented 
with 0.2 per cent yeast extract (Difco) and 0.2 per cent casein 
hydrolysate. The cells were harvested by centrifugation at 2°, 
washed with cold water, suspended in M/30 phosphate buffer, 
pH 7.4 (20 ml./5.0 gm. of wet bacteria), and disrupted by means 
of sonic oscillation for 30 minutes in a 9-kc. Raytheon oscillator 
cooled with circulating ice water. Centrifugation at 13,000 x g 
in a Spinco preparative centrifuge vielded a clear greenish vellow 
solution containing 16 mg. of protein per ml. All subsequent 
operations were carried out at 2°. 

Two hundred ml. of the cell free extract was treated with 28 
ml. of 2 per cent protamine sulfate solution,’ and the precipitate 
was removed by centrifugation. To 218 ml. of the supernatant 
solution were added slowly with stirring 54 gm. of (NH4)2S0O, 
and, after stirring for another 20 minutes, the precipitate was 
removed by centrifugation and discarded. The procedure was 
repeated with 21 gm. of (NH,)2SO, on the supernatant. solu- 
tion. The precipitate was removed by centrifugation, dissolved 
in 45 ml. of m/30 potassium phosphate buffer pH 7.4 and dialyzed 
against the same buffer (4 changes of 2 liters each at 2-hour inter- 

vals). 


$0.5 ml. of 2 per cent protamine solution for every 70 mg. of pro- 
tein as estimated spectrophotometrically (8). 
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The rest of the fractionation procedure was best carried out on 
a smaller scale. Twenty ml. of the dialysate was adjusted to 
pH 5.4 with 1 N acetic acid and the precipitate was removed 
by centrifugation. The supernatant solution (cooled by an ice 
bath) was treated with 17 ml. of acetone (precooled to —15°) 
slowly with stirring and the precipitate was removed by centrif- 
ugation and discarded. The supernatant solution was treated 
similarly with 12 ml. of acetone, and the precipitate was removed 
by centrifugation, dissolved in 5 ml. of 4/30 potassium phosphate 
buffer, pH 7.4, and dialyzed against 2 liters of 0.01 m phosphate 
buffer, pH 6.8, as described previously. 

The diethylaminoethy! cellulose column used in the next step 
was prepared as follows. To 3 gm. of diethylaminoethy! cellulose 
suspended in 100 ml. of H,O at room temperature, 1.5 ml. of 1.0 
au KH:2PO, was added with stirring. (The pH of the solution 
was 6.8.) The cellulose was removed by filtration on a Buchner 
funnel, washed several times with 0.01 m potassium phosphate 
buffer, pH 6.8, and suspended in 70 ml. of the same buffer. Ten 
ml. of this suspension was placed on a chromatographic column 
(13 mm. diameter) and packed by mild suction (length, 35 mm.). 
The column was transferred to a cold room at 2° and equilibrated 
with cold buffer by allowing approximately 50 ml. to pass through 
the column (2 hours). 

One ml. of the dialyzed acetone fraction was placed on the col- 
umn and eluted successively with 5.0 ml. each of phosphate buf- 
fer, pH 6.8, of the following molar concentrations (flow rate 5 
ml. in 20 minutes): 0.01, 0.02, 0.04, 0.06, 0.08, 0.10, 0.10, 0.16, 
and 0.20. The desired enzyme activity was present in the two 
0.1 m fractions. Four such fractions (from two column opera- 
tions) were combined (3.8 mg. of protein), and immediately con- 


 centrated by precipitation with (NH,4)2SO, (80 per cent satura- 


tion). The precipitate was dissolved in 0.8 ml. Mm/30 potassium 
phosphate buffer pH 7.4, dialyzed against the same buffer, and 
clarified by centrifugation. Recovery of protein was 1.8 mg. 

A summary of the enzyme purification is given in Table I. 
The (NH4).SO4 and acetone fractions were stable for at least 
several weeks at —15°. The cellulose fractions were stored at 
2". 

Assay—The activity of the enzyme was determined by meas- 
uring the amount of KDHP formed from erythrose-4-P and 
P-enolpyruvate. A unit of enzyme was defined as that amount 
of enzyme which will form 0.1 umole of KDHP in 5 minutes 
under the following conditions. 

The incubation mixture contained 100 yuwmoles of potassium 
phosphate buffer (pH 6.4), 0.5 umole each of erythrose-4-P and 
P-enolpyruvate, and enzyme fraction in a total volume of 1.0 
ml. The reaction was started by the addition of enzyme after 
preincubation of the other constituents at 37° for 10 minutes. 
After 5 minutes at 37° the reaction was stopped by the addition 
of 0.4 ml. of 10 per cent trichloroacetic acid and the mixture 
was centrifuged. Aliquots were removed for the estimation of 
KDHP by cleavage with periodic acid to B-formylpyruvie acid 
(butyric acid-2,4-dione), and estimation of the latter by the 
color produced with thiobarbituric acid. 

Estimation of KDHP—0.01 to 0.05 uwmoles of compound in 
0.25 ml. of solution was treated with 0.25 ml. of 0.025 m periodic 
acid in 0.125 n H.SO,. After 45 minutes at room temperature, 


0.5 ml. of 2 per cent sodium arsenite in 0.5 N HCl was added to 
destroy the excess periodate (2 minutes at room temperature). 
Two ml. of 0.3 per cent thiobarbituric acid solution were added 
and the tubes were placed in a boiling water bath for 5 minutes. 
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TABLE I 
Purification of KDHP synthetase 
P i 
Fraction Volume concentra 
ml. mg./ml. units units/mg. 
Crude extract ........... 200 16 1080 0.34 
Ammonium sulfate (40- 
45 15 790 1.20 
Acetone (47-59%) ....... 11 7.3 440 5.6 
Diethylaminoethy] cellu- 
lose (0.1 mM phosphate 
110 0.19 420 20 


(To prepare the thiobarbituric acid solution, 300 mg. of thiobar- 
biturie acid were dissolved in about 70 ml. of H.O with the aid 
of 3 ml. of 1 Nn NaOH; 2.5 ml. of 1 N HCl was added, and the pH 
adjusted to 2 in a final volume of 100 ml.) After cooling in a 
water bath at 40° the pink color was measured immediately at 
549 my ina spectrophotometer against a blank run with water 
under the same conditions. The rate of production of chro- 
mogenic material from KDHP by periodic acid is shown in 
Fig. 1. 

Paper-chromatographic Identification—A solution equivalent to 
3 to 5 wg. of KDHP was spotted on acid-washed Whatman No. 1 
paper and developed for 24 hours by descending chromatography 
with a mixture of tertiary amy! alcohol-formie acid (98 per cent)- 
water (3:3:1). The paper was dried at room temperature and 
sprayed with 0.1 m periodic acid in 0.125 n H.SO,. After 20 
minutes at room temperature the paper was sprayed with 10 per 
cent sodium arsenite in 0.5 N HCl. The paper became colored 
by liberated iodine which was removed by further reaction with 
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TaBLeE II 
Behavior of various compounds in periodate- 
thiobarbiturate reaction 
Compound Amax €max 
mp 
2-Keto-3-deoxygalactonic acid*......... 549 
2-Keto-3-deoxygluconic acid 6-P*....... 549 
1,3,4,5,6-Pentahydroxycyclohexanecar- 
Malondialdehyde  (1,1,3,3-tetrameth- 
3-Deoxy-p-arabo-heptonic acid 7-P*......| (none) 
6-Ketobutyraldehyde dimethyacetalf.... 542 3000 
Acetoacetic acid, acetopyruvic acid (2,4- 
diketovaleric), dimedon, acetonylace- 


* Treated with periodate and thiobarbiturate. 

t Shikimic acid was hydroxylated with OsQO, to give the penta- 
hydroxy acid and then treated with periodate to give 6-formy]- 
pyruvic acid (13). 

t Treated with thiobarbiturate only. 


TaBLe III 


Conversion of P-enolpyruvate-erythrose-4-P condensation 
product and of synthetic KDHP to 5-dehydroquinate* 


| 
pmoles umoles 
Synthetic KDHP + EDTA........ 0.20 0 
Ensymatic product§................ 0.27 0.24 
Enzymatic product§ + EDTAT..... 0.27 0 


* The enzyme preparation‘ used was a fraction from E£. coli 
strain 83-24 capable of converting KDHP to dehydroquinate in 
the presence of Co** and DPN. This conversion is completely 
inhibited by EDTA. 

+t The reaction mixture contained KDHP or enzymatic product, 
50 wmoles of potassium phosphate buffer pH 7.4, 0.25 umole of 
DPN, 1.0 umole of Co**, and 0.1 ml. of enzyme (1.5 mg. of pro- 
tein) in a total volume of 1.0 ml. After incubation at 37° for 1 
hour, 0.02 ml. of 6 N HCl was added, proteins were removed by 
centrifugation, and 0.2 ml. of the clear supernatant solution was 
used for the microbiological assay with E£. coli mutant A170-143 
S, (16). 

t 0.1 ml. of enzyme, 0.1 ml. of buffer, and 0.1 ml. of EDTA solu- 
tion (0.4 umole) were preincubated at 37° for 10 minutes before 
the addition of substrates. In these experiments Co*+ was 
omitted. 

§ 3 umoles each of erythrose-4-P and P-enolpyruvate were in- 
cubated with 300 umoles of potassium phosphate buffer, pH 7.4 
and 0.3 ml. of acetone fraction (1.3 mg. of protein) in a total 
volume of 3.0 ml. at 37° for 15 minutes. Unchanged P-enolpyru- 
vate was destroyed by incubation with 0.04 ml. of lactic dehydro- 
genase and 5 wmoles each of ADP and DPNH (final volume 3.44 
ml.). After 30 minutes the pH was adjusted to 2.0 with 6 n HCl 
and then brought to 6.0 with 4 Nn NaOH. The precipitated pro- 
teins were removed by centrifugation. Aliquots of the superna- 
tant solution were then used for the determination of KDHP and 
for conversion to dehydroquinate. 
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arsenite. This was repeated until further application of arsenite 
did not produce the colorof iodine. (Twoto threesprayings were 
necessary.) The paper was allowed to dry at room temperature, 
sprayed with 0.6 per cent thiobarbituric acid (pH 2.0), and dried 
in an oven at 90° for 5 minutes. KDHP and 2-keto-3-deoxygal- 
actonic acid appeared as pink spots. The Rp, values for these 
two compounds were 0.49 and 0.55, respectively. 

A similar procedure was used with a mixture of ethanol-water- 
acetic acid (75:24:1) on Whatman No. 50. The Rr of KDHP 
was 0.26. 


RESULTS 


Scope and Sensitivity of Periodate-Thiobarbiturate Reaction 


Several compounds structurally related to 6-formylpyruviec 
acid, or expected to give rise to it on periodate oxidation, were 
tested in the procedure described under ‘‘Estimation of KDHP.” 
The results are summarized in Table II. Simple aliphatic alde- 
hydes, a ,8-diketones, 8-keto acids, and B-formyllactic acid (de- 
rived from 3-deoxy-p-arabo-heptonic acid 7-phosphate?) did not 
yield colored products under these conditions. Glycolaldehyde 
and glyoxal gave brown solutions with very small absorptions 
at 517 and 546 mu, respectively. In addition to the first four 
compounds in Table II, which would be expected to yield 6-for- 
mylpyruvic acid with periodate, only 8-keto-butyraldehyde di- 
methylacetal gave a pink color, but it was quite unstable and 
weak. 

With KDHP, the optimal reaction time with periodate was 45 
minutes (Fig. 1). However, this could be reduced to 20 minutes 
by the addition of 10-? molar concentrations of glycine or glycyl- 
glycine. The function of these compounds is unknown, and is 
under further investigation. 


Identification of Product of Erythrose-4-P and P-enolpyruvate 
Condensation as K DHP 


Chromatographic and Chemical Comparison with Synthetic 
KDHP—Erythrose-4-P and P-enolpyruvate were incubated with 
enzyme and aliquots were spotted on acid-washed Whatman No. 
1 filter paper along with synthetic KDHP, erythrose-4-P, and 
P-enolpyruvate. The papers were developed with tertiary amyl 
alcohol-formic acid-water. KDHP was detected by the perio- 
date-thiobarbituric acid reaction as indicated earlier, and also by 
spraying with semicarbazide (14, 15) (0.1 per cent semicarbazide 
hydrochloride in 0.15 per cent sodium acetate). The semicarba- 
zide-treated paper was dried in an oven at 95° for 10 minutes. 
Under ultraviolet irradiation the semicarbazones were revealed as 
dark spots. By either method, a strong spot corresponding to 
KDHP (Rr = 0.49) was present in the enzymatic reaction mix- 
ture. Identical Rr values of 0.26 were also found for synthetic 
KDHP and enzymatic product with ethanol-water-acetic acid on 
Whatman No. 50 paper. 


Biological Activity of Enzymatic and Synthetic Product—Syn- } 


thetic KDHP and the product of the P-enolpyruvate—eythrose- 
4-P condensation were incubated with an enzyme preparation‘ 


capable of converting KDHP to 5-dehydroquinate, and the latter | 
The results, presented in 


was estimated microbiologically (16). 
Table III, show identical behavior for the enzymatically formed 
product and for synthetic KDHP. 


‘P. R. Srinivasan and D. B. Sprinson, unpublished results (cf. 


(12)). 
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Fic. 2. The pH optimum of KDHP synthetase. For the phos- 
phate curve the incubation procedure was exactly as described 
under “Assay’’, with 0.01 ml. of the acetone fraction (51 ug. of pro- 
tein). The Tris-maleate reaction mixtures were similarly pre- 
pared with 0.5 ml. of 0.2 m buffer in a total volume of 1.0ml. The 
pH of the reaction mixtures was determined on duplicate solutions 
prepared in the same way. 


5.6 6.0 


Properties of KDHP Synthetase 


pH Optimum of KDHP Formation—The effect of pH on the 
rate of formation of KDHP from P-enolpyruvate and erythrose- 
4-P is shown in Fig. 2. The pH optimum is at 6.4 in potassium 
phosphate buffer. With Tris maleate-buffer, the H+ ion concen- 
tration had little effect on the reaction between pH 6.4 and 7.4. 

Specificity—Erythrose-4-P cannot be replaced by p-erythrose, 
p-glyceraldehyde 3-phosphate, ribose 5-phosphate, glucose 6- 
phosphate, glucosamine 6-phosphate and N-acetylglucosamine 6- 
phosphate. Pyruvate or pyruvate plus ATP cannot substitute 
for P-enolpyruvate. It would have been of interest to test the 
isomers of erythrose-4-P, but these were not available. 

Effect of Substrate Concentratton—The effect on the reaction 
rate of varying concentrations of erythrose-4-P (Fig. 3) and 
P-enolpyruvate (Fig. 4) was determined. These results have 
been plotted according to Lineweaver and Burk (17) for the de- 
termination of K,, values. The K,, for erythrose-4-P was found 
to be 1.2 10-3 m and for P-enolpyruvate 3.5 10-3 M. 

Stoichiometry—The disappearance of P-enolpyruvate and the 
formation of KDHP and inorganic phosphate were measured, 
and are recorded in Table [V. The stoichiometry agrees with 
the expected bimolecular condensation of erythrose-4-P and P- 
enolpvruvate. 

Inhibitors—With the acetone fraction, EDTA (4 10-4 mM) did 
not inhibit the reaction. Cot++, Zn++, Mg** at a concentration 
of 2 x 10-3 m had no effect on the condensation. Fluoride, so- 
dium arsenite, azide, and iodoacetate did not affect the rate of 
formation of KDHP. p-Chloromercuribenzoate (2 m) 


>In crude extracts and in the (NH,4).SO, fractions KDHP is 
utilized in the next reaction of aromatic biosynthesis, 7.e. its con- 
version to dehydroquinate. This conversion (which proceeds at 
a considerably slower rate than the KDHP synthetase reaction) 
requires DPN and Cot* (12). The addition of either DPNase or 
EDTA, although inhibiting the conversion of KDHP to dehydro- 
quinate (12), does not inhibit KDHP formation in the acetone and 
cellulose fractions. Nevertheless, the addition of DPNase results 
in an 81 and 50 per cent inhibition of KDHP formation in the crude 
and (NH,).SO, fractions, respectively, while the addition of 
EDTA results in a 97 and 44 per cent inhibition. These unex- 
pected inhibitions are being further investigated. 
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Fic. 3. Rate dependence of P-enolpyruvate—erythrose-4-P con- 
densation on the erythrose-4-P concentration. In addition to 
erythrose-4-P, the reaction mixture contained 1.0 umole of P- 
enolpyruvate, 50 uwmoles of potassium phosphate buffer (pH 6.4), 
and 0.01 ml. of acetone fraction (51 ug. of protein) in a final volume 


of 0.5 ml. See ‘‘Assay”’ for procedure. 
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Fic. 4. Rate dependence of the P-enolpyruvate-erythrose-4-P 
condensation on the P-enolpyruvate concentration. The pro- 
cedure was the same as in Fig. 3 using 1.0 umole of erythrose- 
4-P and varying amounts of P-enolpyruvate. 


TaBLeE IV 
Stoichiometry of KDHP synthetase reaction* 
Experiment No. | disappeared Santee KDHP formed 
umoles pmoles | pmoles 
1 1.53 | 1.62 | 1.56 
2 1.68 1.68 


* The reaction mixture (3 ml.) contained 3 wmoles each of 
erythrose-4-P and P-enolpyruvate, 240 uwmoles of Tris-maleate 
buffer, pH 7.0, and 0.25 ml. of acetone fraction (1.1 mg. of protein) 


-which was dialyzed against 0.2 Mm Tris-maleate buffer, pH 7.0. 


The reaction was started by the addition of enzyme after prein- 
cubation of the other constituents at 37° for 10 minutes. Before 
and after an incubation period of 15 minutes aliquots were with- 
drawn for the determination of P-enolpyruvate, KDHP, and or- 
thophosphate. 


inhibited the reaction completely and this inhibition could be re- 
versed by cysteine. 

Another inhibition, discussed in the previous paper (1), is ex- 
hibited by sedoheptulose 1 ,7-diphosphate and several other phos- 
phorylated carbohydrates (Table V). The most inhibitory of 
these is the a-hydroxy analogue of KDHP which is an intermedi- 
ate in its chemical synthesis.2, However, in another experiment, 
KDHP was not inhibitory, at initial concentrations which were 
60 per cent of that of the erythrose-4-P. 
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TABLE V 
Inhibition of KDHP synthetase by phosphorylated compounds* 


Compoundt Amount added | Yield of KDHP 

pmoles pmoles 
Sedoheptulose 1,7-diphosphate........ 0.25 0.12 
Sedoheptulose 1,7-diphosphate........ 0.50 0.08 
Sedoheptulose 1,7-diphosphate........ 1.0 0.06 
Sedoheptulose 1,7-diphosphate........ 1.5 0.06 
Sedoheptulose 7-phosphate............ 1.0 0.10 
Fructose 1,6-diphosphate............. 1.0 0.10 
3-Deoxy-p-arabo-heptonic acid 7-P..... 1.0 0.03 


* 0.25 umole of erythrose-4-P, 0.30 umole of P-enolpyruvate, 
50 wmoles of potassium phosphate buffer pH 7.0, and inhibitor 
were preincubated at 37° for 10 minutes. After the addition of 
0.01 ml. of acetone fraction (73 wg. of protein) the reaction mix- 
ture (0.5 ml.) was incubated at 37° for 15 minutes, and deprotein- 
ized by the addition of 0.2 ml. of 10 per cent trichloroacetic acid. 
0.2 ml. aliquots were used for KDHP analysis. 

+ Dihydroxyacetone phosphate, p-glyceraldehyde 3-phosphate, 
and 3-phospho-p-glyceric acid were not inhibitory. 


TaBLeE VI 
Extent of reaction in P-enolpyruvate-erythrose-4-P condensation* 


| KDHP formed at 


Additions | 
15 minutes | 30 minutes | 60 minutes 
| pmoles pmoles poles 
Crystalline bovine serum albumin. — 1.2 1.2 1.2 
2-Mercaptoethanolf............... 1.8 1.9 


* The incubation mixture (2 ml.) contained 2.0 umoles of eryth- 
rose-4-P, 2.5 ymoles of P-enolpyruvate, 200 wmoles of potassium 
phosphate buffer, pH 6.4, 0.08 ml. of acetone fraction (0.6 mg. of 
protein), and, when added, 4.0 mg. of serum albumin, or 4 umoles 
of 2-mercaptoethanol. The latter was preincubated with the 
enzyme for 10 minutes at 37° before addition of the other com- 
ponents. 

t At this concentration of 2-mercaptoethanol (2 K 10-3 mM) the 
thiobarbiturate assay for KIDHP was inhibited 27 to 30 per cent. 
The values reported in the table were corrected accordingly. 


Extent of Reaction—In crude extracts erythrose-4-P and P-enol- 
pyruvate are nearly quantitatively converted to 5-dehydro- 
quinate (approximately 90 per cent). With purified preparations 
the condensation proceeds very rapidly in the first 10 minutes 
and stops when the yield of KDHP is approximately 60 per cent. 
That this inactivation is not simply due to surface denaturation 
of dilute protein solutions, but to oxidation of sulfhydryl groups 
is shown by the results in Table VI. Serum albumin had no pro- 
tective effect, whereas in the presence of 2-mercaptoethanol the 
reaction went essentially to completion.® 

Reversibility—All attempts to reverse the condensation reac- 
tion were unsuccessful. Thus KDHP disappearance could not 
be detected when incubated with enzyme in the presence of in- 
organic phosphate under the following conditions: (a) with ADP, 


6 A yield of 90 to 95 per cent KDHP may be considered quanti- 
tative, since in the preparation of erythrose-4-P solutions from 
cyclohexylammonium erythrose-4-P dimethylacetal the yield of 
erythrose-4-P is approximately 90 per cent (5). 
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Mg++, and P-enolpyruvate-ATP transphosphorylase; (6) with 
ADP, Mg*+, P-enolpyruvate-ATP transphosphorylase, lactic de- 
hydrogenase and DPNH;; (c) with the substrates and enzymes of 
(b) plus hexokinase and glucose. 


DISCUSSION 


Thiobarbiturate Reaction with B-Keto Aldehydes—It was first 
observed by Weissbach and Hurwitz (3) that a compound result- 
ing from the action of periodate on 2-keto-3-deoxyaldonic acids 
reacts with thiobarbiturate to yield an intense pink color with 
an absorption maximum at 549 mu. From the structure of sev- 
eral compounds giving this test they concluded that 6-formyl- 
pyruvic acid is responsible for the color reaction. Further sup- 
port for their conclusion is shown in Table II. Although 
B-formylpyruvic acid has not been obtained in pure form, it has 
previously been isolated as its bis-2,4-dinitrophenylhydrazone 
from 1,3,4,5,6-pentahydroxycyclohexanecarboxylic acid (13). 
When the periodate-thiobarbiturate reaction was applied to this 
compound, an absorption curve identical with that given by 
KDHP and related compounds was obtained. Since 6-ketobutyr- 
aldehyde, unlike several other dicarbonyl compounds, also gave 
a pink color’ with thiobarbiturate (Amax = 542 my), it would ap- 
pear that the structure of R-CO-CH2-CHO is essential for color 
formation. The previous application of this test to malondialde- 
hyde (Amax = 532 mu (21-23)) would exemplify the case where 
R = H. Since 8-formylpyruvic acid reacts slowly with perio- 
date (3),5 the molar absorbancy index of KDHP recorded in Ta- 
ble [I may represent a minimal value. 

Properties of KDHP Synthetase—It may be seen from Table | 
that the fraction obtained from the diethylaminoethy] cellulose 
column represented a 60-fold purification of the KDHP synthet- 
ase. Ina preliminary investigation this fraction appeared to be 
homogeneous in the Spinco analytical centrifuge.? Most of the 
work reported in this paper was done with the acetone fraction, 
which was shown to be free of aldolase (by its inability to cleave 
sedoheptulose | ,7-diphosphate), P-enolpyruvate-ATP transphos- 
phorylase, the enzyme system for the conversion of KDHP to 5- 
dehydroquinate‘, dehydroquinic-dehydrase (26), and DPNH oxi- 
dase. 

As far as is known at present only erythrose-4-P and P-enol- 
pyruvate are condensed by this enzyme. That the product of 
the condensation is KDHP is shown by comparison of the enzy- 
matic product with synthetic KDHP in chemical and chromato- 
graphic behavior, and in enzymatic conversion to dehydro- 
quinate. The enzyme preparation used in the latter test is 
inactive with 3-deoxy-p-arabo-heptonic acid 7-phosphate, 2-keto- 
3-deoxy-b-arabo-heptonic acid (dephosphorylated KDHP), 2- 
keto-3-deoxygluconic acid 6 phosphate, or any related com- 
pounds. Furthermore, although erythrose-4-P disappearance 


7 B-Ketobutyraldehyde would not be expected to show maximal 


color development under the conditions of the test, since it con-- 


denses in acid solution to 1,3,5-triacetyl benzene (18-20). The 
fading of the color produced by 8-ketobutvraldehyde may be due 
to a reversal of the reaction with thiobarbiturate favored by the 
aromatization of the aldehyde. 

8 Presumably this decomposition (3) consists of hydroxylation 
of the active methylene carbon (24, 25) to yield 8-formylhydroxy- 
pyruvic acid, followed by periodate cleavage to formate and mes- 
oxalic semialdehyde, decarboxylation to glyoxal, and periodate 
cleavage to 2 molecules of formate. 

9 We are indebted to Dr. H. C. Lawler for aid with this deter- 
mination. 
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was not measured, the stoichiometry of the reaction (Table IV) 
is in accord with the concept that erythrose-4-P and P-enolpyru- 
vate are condensed to form KDHP and inorganic phosphate. 
The specificity of the enzyme for its substrates suggests its use 
for the assay of either erythrose-4-P or P-enolpyruvate. 

KDHP synthetase is apparently a sulfhydryl enzyme, since its 
inhibition by p-chloromercuribenzoate is reversed by cysteine. 
Although it is stable during preparation, the purer fractions 
(starting with the acetone fraction) showed a sharp halt in ac- 
tivity after 10 to 15 minutes, when the yield of KDHP was 50 
to 60 per cent of the theoretical. However, when 2-mercapto- 
ethanol was added, complete conversion of the substrates to 
KDHP occurred. This behavior may be due to a greater tend- 
ency of the enzyme to oxidation in the presence of its substrates. 

Mechanism of Condensation Reaction—The condensation of ery- 
throse-4-P and P-enolpyruvate may be tentatively regarded (as 
shown in Scheme I) asa nucleophilic attack on P-enolpyruvate, 


coo 
H 
HO-¢-H — 
H-C-OH 
H O=C-H fe) 
H-C-—OH + H-C 
CH» OP CH20P 
OH 
SCHEME 


by a reagent here symbolized as OH~, resulting in the release of 
phosphate and the formation of the open chain form of KDHP. 
It is analogous to the COz fixation reaction (27, 28): P-enolpyru- 
vate= + HCO;- — oxaloacetate™ + HPO,-. Since the pyra- 
nose form of KDHP is highly favored both in the solid state 
and in solution, evclization to this form would presumably occur 
spontaneously. The effect on KDHP formation of 6- and 7-car- 
bon phosphorylated carbohydrates (Table V) could be due toan 
inhibition of the condensation reaction, suggested above, or of 
the release of KDHP from the enzyme surface. 

Recent studies on the mechanism of action of yeast and muscle 
aldolase have demonstrated the formation of a dihydroxyacetone 
phosphate-aldolase complex capable of exchanging a carbon- 
bound hydrogen atom with water (29, 30) and showing strong 
light absorption between 250 and 233 my (31). A carbanion @ 
enediol structure of dihydroxyacetone phosphate was postulated 
to undergo the exchange reaction, as well as the condensation 
with aldehydes. In the KDHP synthetase reaction, however, an 
analogous pyruvate carbanion could not be an intermediate, 
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since its protonation would create an insurmountable energy 
barrier to the reformation of P-enolpyruvate. The concerted 
mechanism is, therefore, more reasonable. For this reason the 
name originally given (4) to the enzyme described here is changed 
from “P-enolpyruvate-erythrose-4-P aldolase’ to KDHP syn- 
thetase. Further work is now in progress to elucidate the mecha- 
nism of the P-enolpyruvate-erythrose-4-P condensation. 

On the assumption that the free energy change in the forma- 
tion of the C-3 to C-4 linkage of KDHP is small,!° the free energy 
change of the KDHP synthetase reaction, P-enolpyruvate™ + 
erythrose-4-P= + HO — HPO; + KDHP*, may be con- 
sidered to be approximately the same as that of the hydrolysis 
of P-enolpyruvate (33): P-enolpyruvate™ + H,O — pyru- 
vate- + HPO; AF® = 13.6 kilocalories. The apparent ir- 
reversibility of the KDHP synthetase reaction may be due not 
only to the large negative value of AF® for the conversion of 
P-enolpyruvate to ‘‘pyruvate” and orthophosphate, but also to 
the stability of the pyranose form. In the cleavage of fructose 
1-phosphate derivatives by aldolase (34) the pyranoside fructose 
1-phosphate can be calculated to be more stable by 3.6 kilocal- 
ories than the open chain 5,6-dideoxyfructose 1-phosphate. 
The participation of P-enolpyruvate rather than of pyruvate in 
the condensation with erythrose-4-P may be of advantage in a 
biosynthetic reaction requiring KDHP. since 2-keto-3-deoxyal- 
donic acids, e.g. 2-keto-3-deoxygluconie acid 6-P (15, 35) and 
N-acetylneuraminic acid (31), are readily degraded to pyruvate 
and the corresponding aldehydes (glyceraldehyde 3-phosphate, 
and N-acetyl-p-mannosamine, respectively). 


SUMMARY 


An enzyme which catalyzes the condensation of p-erythrose 
4-phosphate and phosphoenolpyruvate to form 2-keto-3-deoxy- 
p-arabo-heptonic acid 7-phosphate and inorganic phosphate was 
purified from extracts of Escherichia coli. After a 60-fold purifi- 
cation it appeared homogeneous in the ultracentrifuge. The 
name 2-keto-3-deoxy-p-arabo-heptonic acid 7 phosphate synthe- 
tase is suggested for this enzyme. 

The yields of 2-keto-3-deoxy-p-arabo-heptonic acid 7-phos- 
phate were quantitative, and attempts to reverse the reaction 
were unsuccessful. Only phosphoenolpyruvate and p-erythrose 
4-phosphate were activated by the enzyme. It had the proper- 
ties of a sulfhydryl protein and showed maximal activity in the 
presence of 2-mercaptoethanol. No cofactor requirements could 
be demonstrated. The reaction was inhibited by fructose 1 ,6- 
diphosphate, sedoheptulose 1,7-diphosphate, and 3-dleoxy-p- 
arabo-heptonic acid 7-phosphate. 
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Metabolism of the Retina 


I. RESPIRATION OF CATTLE RETINA* 
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In view of the many interesting metabolic properties of the 
retina it is surprising to find that relatively few investigations 
on this subject have been reported. The retina is reputed to 
have high rates of respiration and glycolysis as well as a strong 
Pasteur effect (1). In this paper observations on the metabo- 
lism of the retina dealing with various aspects of respiration are 
reported. An attempt was made to identify the endogenous 


substrate capable of sustaining the respiration of retinal tissue. 


This led to a study of the cofactors and substrates capable of 
stimulating the respiration of retinal homogenates. In the 
course of these studies it was possible to obtain evidence indicat- 
ing the presence of the tricarboxylic acid cycle and the phospho- 
gluconate oxidative pathway in this ocular tissue. 


EXPERIMENTAL 


Lactic acid was determined by the method of Barker and 
Summerson (2), hexose by the anthrone method (3), and a-keto- 
acids by the Friedemann and Haugen method (4). Oxygen con- 
sumption was determined in the Warburg apparatus with air as 
the gas phase and NaOH in the center well. To determine CO, 
production additional flasks were employed, which lacked alkali 
in the center wells, but contained H.SO, in the side arms. At 
the end of the incubation period the acid was tipped in, and the 
CO. produced was calculated from the gas evolved, after cor- 
rection for that present at the beginning of the incubation pe- 
riod. For the calculation it was assumed that oxygen consump- 
tion was not altered in flasks which lacked alkali in the center 
wells to trap the COz formed. The methods used for the incu- 
bation of C'-glucose, and recovery and analysis of CO. and 
C'lactate have been described (5). Cattle eyes were obtained 
from a local slaughter house. 


RESULTS 


As shown in Table I, the Qo, of the intact retina was about 10 
and decreased gradually with time. The addition of glucose to 
the incubation medium did not elevate the O2 consumption nor 
did it sustain the rate. It appeared that the respiration was 
maintained by the presence of endogenous substrate in the ret- 
ina. Even in homogenates the Qo, was maintained nearly as 
high as that of the intact tissue for about 1 hour. With added 
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glucose, the Qo, of retinal homogenates was stimulated some- 
what and did not drop off as markedly as it did without the added 
substrate. To obtain information on the optimal conditions for 
the respiration of retinal homogenates, a study was made of the 
cofactors capable of stimulating respiration and aerobic glycoly- 
sis in retinal homogenates supplemented with glucose. It was 
found that even without any added cofactors retinal homogen- 
ates consumed oxygen at nearly half the rate of fortified prepa- 
rations and, in addition, were able to accumulate some lactic acid 
(Table II). With fortified homogenates a Qo, of 14 was fre- 
quently obtained during the Ist hour, whereas the intact tissue 
generally gave a Qo, of about 10. The presence of all of the 
cofactors appeared to be necessary for a maximal rate of respira- 
tion. Lactic acid formation was depressed by the omission of 
either MgSO, or ATP, but not by the omission of DPN. 

Although the high endogenous respiration in other tissues (6) 
has sometimes been attributed to the utilization of glycogen, or 
of fatty acids (7), R.Q.’s approaching 1 have been reported in 
studies of the retina (8), and the glycogen content of cattle 
retina has been reported to be only 92 mg./100 gm. of tissue (9). 
This level amounts to 2.8 uwmoles of glycogen per retina (50 mg. 
of dry weight) and thus could account for only about 50 per cent 
of the oxygen consumed in 3 hours by the intact tissue. To 
demonstrate experimentally that glucose or glycogen was not 
the principal endogenous substrate supporting respiration, a 
study of the effect of iodoacetate was undertaken (Table III). 
It was not possible to find a concentration of iodoacetate which 
would block glycolysis completely without showing some inhibi- 
tion of lactate utilization. However, it was possible to show for 
the intact tissue and retinal homogenates that during the Ist 
hour of incubation endogenous respiration was inhibited only 
about 15 per cent by iodoacetate at a concentration that sup- 
pressed glycolysis almost completely. Thus during the Ist hour 
of incubation respiration could be supported by endogenous sub- 
strate even in the absence of an active glycolysis. Noteworthy 
in these experiments (Table III) is the high capacity of the ret- 
ina for aerobic glycolysis. This is illustrated by the accumula- 
tion of large amounts of lactic acid when glucose is added to the 
medium and demonstrates the fact that the glycolytic rate of 
this tissue far exceeds the rate at which its tricarboxylic acid 
cycle operates. 

The possibility that the phosphogluconate oxidation pathway 
might be contributing to the endogenous respiration of the ret- 
ina was then considered. In view of the report by Eichel (10) 
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TaBLeE I 
Respiration of cattle retina 
Flasks containing 2 zmoles of DPN, 0.02 umole of cytochrome c, 
110 zmoles of phosphate buffer of pH 7.4, glucose as indicated, and 
either a whole retina or homogenate equivalent to one retina (50 
mg. of dry weight) in a final volume of 3.0 ml. were incubated at 
37°. Each value reported is the mean of four observations. 


Glu- Qo: 
Tissue 
umoles ist hour hour 3rd hour 
pl./hr./mg. dry weight 
Whole retina. .... 10.6 + 0.4 | 0.8 | 6.0 + 0.9 
Whole retina..... + 10.52 0.7 9.7 + 1.0) 8.1 + 1.6 
Homogenate...... 9120.9 4.88 + 0.8 | 2.0 + 0.3 
Homogenate...... + 1032+1.0 8.02 0.8 | 6.8 + 1.0 
TaBLeE II 


Effect of supplements on respiration of cattle retina homogenates 

Each flask contained homogenate equivalent to 11.7 mg. of dry 
weight, 30 wmoles of glucose, 110 wmoles of phosphate buffer of 
pH 7.4, and supplements as indicated in a final volume of 3.0 ml. 
Flasks were incubated at 37°. The supplement mixture con- 
tained 9 wmoles of MgSO,, 6 uwmoles of DPN, 6 uwmoles of ATP, 
and 0.12 ymole of cytochrome c. 


Lactic acid 

| | 2nd | 3rd 4th 

hour hour hour | hour 
| | pmoles 
Supplement mixture.......... 14.3 13.8 9.4 5.0 | 27.5 
Without MgSO,............| 12.4] 8.8/ 5.3 | 5.2 8.8 
Without DPN............... | 9.2] 4.8 | 3.7 | 29.7 
Without ATP..............| 9.6] 8.2] 6.8 | 6.2 10.2 
Without cytochromec........ 8.7) 7.5) 3.8 | 2.4 | 28.6 
With no supplements....... | 6.4; 5.3, 4.2 | 3.0 8.3 
TaB_e III 


Effect of inhibitors on respiration of cattle retina 

Flasks containing either one retina (50 mg. of dry weight), 110 
pmoles of phosphate buffer of pH 7.4, and additions as indicated 
in a final volume of 3.0 ml., or retinal homogenate equivalent to 
17 mg. dry weight, 9 wymoles of MgSO,, 6 umoles of DPN, 6 umoles 
of ATP, 0.12 wmole of cytochrome c, 110 wmoles of phosphate 
buffer of pH 7.4, and additions as indicated in a final volume of 
3.0 ml. were incubated at 37°. 


Additions 
Tissue after 
lodo- | 2nd d ours 
Glucose Lactate hour | 
pmoles “poles pmoles 
Whole retina 0 0 9.1! 5.9] 0.67 
0 86 2.1, 0.98 
100 | 0 | O | 8.3] 6.7] 98.3 
100 15 0 2.0} 06] 1.2 
0 0.7 1:03! 301 
0 11.8 11.6 | 11.0 23.7 
0.7; 30 | 11.0) 9.6) 8.7 | 24.1 
30 | 13.7; 11.4| 8.1 | 33.4 
30 | 0.7 0 5.9) 2.9) 1.2 
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TaBLeE IV 
C'4-glucose metabolism of cattle retina 
Cattle retina (50 mg., dry weight) was incubated in 8.0 ml. of 
modified Krebs-Ringer buffer of pH 7.4 for 1 hour at 38°. The 
values are corrected to an initial specific activity of the 1-C'*-glu- 
cose which was 350 c.p.m. per zymole. The values are reported 
as the mean of four observations. 


Pyru- 
Substrate Gas phase Lactate produced 

added 
pmoles | pmoles c.p.m. pmoles | c.p.m. 
1-C!4-glucose........ Air 48 84 | 14,400 0 | 406 
6-C'4-glucose........| Air 46 87 | 16,125 0 | 347 
1-C'4-glucose......... Ne | 0 34 
1-C4-glucose........ Ne | | 160 | 520 
6-C!#-glucose........) Ne | | 0 25 
6-C'4-glucose....... | | 160 25 


indicating the presence of a high concentration of glucose 6-phos- 
phate dehydrogenase in the retina, it seemed worthwhile to es- 
tablish whether the operation of this pathway might account 
for the respiration occurring in the presence of iodoacetate. To 
determine the significance of the phosphogluconate oxidation 
pathway in the aerobic metabolism of glucose, intact retinas were 
incubated with either glucose-1-C™ or glucose-6-C™. As shown 
in Table IV, no evidence of any significant preferential oxidation 
of the carbon 1 (C-1) atom of glucose was observed in the retina, 
unlike other ocular tissues (11, 12). The rate at which the C-1 
and C-6 of glucose was oxidized to CO» was about the same, as 
indicated by the C-1 to C-6 ratio of 1.2. Furthermore, the 
amount of C™ incorporation into lactic acid was about the same 
from either 1-C'*- or 6-C'*-glucose. These results strongly sug- 
gest that the phosphogluconate oxidation pathway does not 
play a significant role in the utilization of glucose by the retina. 
Although the phosphogluconate oxidation pathway does not 
appear to play an active role, it is possible to obtain evidence 
suggesting the presence of this pathway in the retina. In those 
tissues which possess a lactic dehydrogenase capable of reacting 
to some extent with TPN it is possible to couple the oxidation 
of 1-C'4-glucose to C“4O. by the dehydrogenases of the phospho- 
gluconate pathway to the reduction of pyruvate (13). In an 
atmosphere of nitrogen the retina was capable of stimulating the 
oxidation of 1-C'-glucose with pyruvate. As shown in Table 
IV, in the absence of pyruvate there occurs only a small amount 
of 1-C'-glucose oxidation, but the addition of pyruvate in the 
medium markedly stimulates the C-1 oxidation. No stimula- 
tion of C-6 oxidation of glucose was observed under the same 
conditions. It is interesting to note that the corneal epithelium 
and retina, known for their high content of lactic dehydrogenase, 
are the tissues in which the coupling of the dehydrogenases of 
the glycolytic mechanism and the phosphogluconate pathway is 
most easily demonstrated. 

The observations made thus far seemed to rule out glucose or 
glycogen as the principal endogenous substrate supporting §res- 
piration in the presence of iodoacetate. It seemed likely that 
lactic acid might be contributing significantly to endogenous 
respiration. An attempt was made to relate changes in the 
initial quantities of lactic acid and hexose to the amounts of 
pyruvate and CO, produced in retinal homogenates incubated 
for 1 hour. Initially cattle retinas contain from 1 to 3 ymoles 
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TABLE V 
Utilization of endogenous substrate by cattle retina 
Flasks containing 2 umoles of DPN, 0.02 umole of cytochrome c, 110 wmoles of phosphate buffer of pH 7.4, retinal homogenate equiva- 
lent to 46 mg. of dry weight, and inhibitors as indicated in a final volume of 3.0 ml. were incubated at 37° for 1 hour. Initial concen- 
trations of lactate, hexose, and pyruvate, expressed as 4 atoms of carbon, were, respectively, 17.3, 16.1, and 0.3. The results are the 
mean of four observations. 


| p» atoms of carbon utilized uw atoms of carbon formed \s atoms of oxygen consumed Per cent 
Inhibitors | | 
] or by prod- 
Lactate Glucose Total Pyruvate* CO, Total Observed Expectedt | ucts formed 
| 
—9.6 —3.6 | —13.2 +6.0 +9.8 +15.8 14.6 | 10.9 75 
Iodoacetate (15 wmoles)........... —12.0 —12.0 +6.1 | +46.7 +12.8 
Arsenite (12 wmoles)............... —9.4 —4.9 —14.3 +12.8 +5.9 +18.7 10.0 8.0 | 80 


* The a-keto acid accumulating in the presence of arsenite was converted to the 2,4-dinitrophenylhydrazone. The absorption spec- 
trum was identical with that of the derivative prepared from pyruvic acid. The 2,4-dinitrophenylhydrazone of the reaction product 
and of pyruvic acid each migrated at the same rate in | per cent Na,CO;, n-butanol:ethanol:H,O (50:10:40) by volume, phenol sat- 


urated with water, and 3 per cent NH3. 
+ The expected oxygen consumption was calculated from the quantities of pyruvate and CO, formed, on the assumption that these 


compounds arose from lactate or hexose. 


TaB_Le VI 
Effect of various substrates on retinal respiration 


Cattle retina homogenate equivalent to 11.5 mg. of dry weight was incubated for 1 hour at 37° in flasks containing 9 uwmoles of 
MgSO,, 6 umoles of DPN, 6 umoles of ATP, 0.12 ymole of eytochrome c, 110 yzmoles of phosphate buffer of pH 7.4, and 30 umoles of 
substrate as indicated. 


| Qo, Qos 
Substrate Substrate 
Ist hour 2nd hour 3rd hour Ist hour 2nd hour —_s 3rd hour 


of the tricarboxylic acid cycle to stimulate oxygen consumption 
in retinal homogenates, as shown in Table VI, supports the view 
that the tricarboxylic acid cycle is operating in this tissue. A 


of hexose per retina (50 mg., dry weight) and from 4 to 5 wmoles 
of lactic acid. The results, expressed as yw atoms of carbon, 
Table V, indicated that considerably more lactic acid was uti- 


lized than hexose. Together the quantities of lactate and hexose 
utilized were sufficient to account for the major portion of the 
pyruvate and CO. formed. These products accounted for about 
75 per cent of the oxygen consumed. In the presence of iodo- 
acetate lactic acid utilization was unimpaired; no hexose was 
utilized. In this experiment the amount of CO, and pyruvate 
produced was equivalent to the lactic acid consumed and suffi- 
cient to account for nearly 80 per cent of the oxygen utilized. 
In the presence of arsenite considerably more pyruvate accumu- 
lated than in its absence. No a-ketoglutarate accumulated, al- 
though retinal tissue is reported to contain 1.83 mg. of glutamic 
acid per gm. of tissue (14), amounting to 2.9 wmoles per cattle 
retina, and has been shown to accumulate a-ketoglutarate when 
incubated with glutamic acid in the presence of arsenite (15). 
These experiments suggest lactate to be a major endogenous 
substrate contributing to respiration in the presence of iodoace- 
tate and indicate that at least 25 per cent of the observed endoge- 
nous respiration cannot be accounted for by the utilization of 
hexose or lactate. 

The fact that lactic acid appeared to be an important endog- 
enous substrate suggested that an active tricarboxylic acid cycle 
was functioning in the retina. The ability of the intermediates 


more detailed study of the tricarboxylic acid cycle in retinal 
mitochondria is now being undertaken. 


DISCUSSION 


The very high rate of respiration, (Qo, = 31) that has been 
attributed to the retina is based on Warburg’s data (16) in 
which various rat tissue slices including retina, were compared, 
However, data compiled by deBerardinis (17) indicate consider- 
able variation between species in the rate of oxygen consump- 
tion of the retina. In our experiments the Qo, of cattle retinas 
was approximately 10 which is within the range previously re- 
ported by Greig and Munro (18). It should be noted that in 
these studies from 1 to 2 hours elapsed between the removal of 
the cattle eves at the slaughter house and the addition of retinal 
tissue to the flasks. However, retinas from eyes stored for 2 
hours consumed oxygen at about the same rate as those used 
after 1 hour. Moreover, experiments in which the Qo, was de- 
termined for rabbit retinas, removed immediately after death 
and also 1 hour thereafter, indicated that there was no signifi- 
cant decrease in the respiratory capacity of the retina upon brief 
storage in the intact eye. 

The outstanding metabolic property of the retina seems to be 
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its capacity for aerobic glycolysis. In these studies in vitro, the 
aerobic oxidative mechanisms of the cattle retina cannot keep 
pace with the glycolysis and consequently lactic acid accumu- 
lates. In view of these results, it seems somewhat surprising 
that the retina in situ does not have a higher concentration of 
lactic acid. Adequate supplies of glucose must be available to 
this tissue since it is vascularized. Yet one is left with the 
impression that only a small fraction of the total capacity for 
glycolysis is ever utilized. Possibly lactate is actually formed 
at a much higher rate than is apparent, but diffusion into sur- 
rounding tissues never allows it to reach an unfavorable level. 
If this is so, the diffusion of lactate is probably in the direction 
of the choroid and not into the vitreous humor since only a small 
amount of lactate is found in the latter tissue. The existence 
of a regulatory mechanism is a more attractive possibility. 
There may be some control of the glycolytic mechanism in vivo 
which is not operative under conditions in vitro. These ques- 
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tions on glycolysis and the important relationship to the Pasteur 
effect are problems currently being investigated. 


SUMMARY 


The utilization of endogenous lactic acid and hexose appears 
to contribute significantly to the endogenous respiration of cattle 
retina homogenates. Tricarboxylic acid cycle substrates in- 
crease the oxygen consumption of homogenates. 

The utilization of glucose by the retina appears to occur al- 
most exclusively through glycolysis and the tricarboxylic acid 
cycle, although under suitable conditions the hexose monophos- 
phate shunt pathway can be activated. 
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L-2-Keto-4,5-dihydroxyvaleric Acid: an Intermediate in the 
Oxidation of L-Arabinose by Pseudomonas saccharophila 
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Crude cell-free preparations of Pseudomonas saccharophila 
grown on L-arabinose oxidize L-arabinose to a-ketoglutaric acid 
(1). ut-Arabonic acid has been identified as an intermediate in 
this reaction. The investigations described in this communica- 
tion are concerned with the mechanism of the conversion of L- 
arabonate to a-ketoglutarate. Evidence is presented for the 
intermediate formation of L-2-keto-4 ,5-dihydroxyvaleric acid, a 
9-keto-3-deoxy sugar acid, in the transformation. In this respect 
the metabolism of L-arabinose is similar to that of the b-isomer 
which is dehydrated to p-2-keto-4 ,5-dihydroxyvaleric acid (2). 
The metabolism of p- and L-arabinose differs in that the p-form 
of the keto acid intermediate is oxidatively cleaved to pyruvic 
and glycolic acids while the L-isomer is converted to a-ketoglu- 
taric acid. The over-all reaction sequence, as it is now known, 
in the metabolism of L-arabinose by P. saccharophila can be 
represented as follows: 


—2H +H.O 
L-arabinose > L-arabono-y-lactone 
(DPN or TPN) 
—2H 
—H20 


L-arabonate » L-2-keto-4,5-dihydroxy valerate 


(DPN) 
a-ketoglutarate 


EXPERIMENTAL 


Cultures of P. saccharophila were grown on L-arabinose as the 
sole carbon source, harvested, and stored as previously de- 
scribed (1). Cells have been stored at —20° for 2 vears without 
loss of enzymatic activity. Cell-free preparations were obtained 
by grinding with alumina. The frozen cells were placed in a 
mortar chilled to approximately 5°, ground for 10 minutes with 
three parts of alumina (Alcoa A-301), and then extracted with 3 
volumes of cold, 0.004 mM phosphate buffer, pH 6.8. The suspen- 
sion was centrifuged at 0° and 20,000 x g for 30 minutes. Strep- 
tomycin sulfate, 0.1 volume of 20 per cent, was added to the super- 
natant liquid in order to precipitate nucleic acids. The latter 
were removed by centrifugation and discarded. Little or no loss 
of protein or enzymatic activity occurred in this step. Because 
of the lability of the enzyme system, extracts were used the same 
day they were prepared. 

L-Arabonic acid was assayed as the lactone (3) which was 
produced by heating the solution of the acid in 0.1 N HCl in a 
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boiling water bath for 5 minutes. Formaldehyde was measured 
by its reaction with chromotropic acid (4). 8-Formylpyruvie 
acid was determined by the colorimetric test for 2-keto-3-deoxy 
sugar acids described by Weissbach and Hurwitz! except that 
the time for oxidation by periodic acid was not permitted to 
exceed 5 minutes. Longer oxidative periods resulted in low 
yields. 

The intermediate, L-2-keto-4.5-dihydroxyvaleric acid, was 
estimated enzymatically by measuring DPN reduction. The 
intermediate, 0.5 umole or less, in 0.1 mi. was mixed with 0.05 
ml. of crude enzyme extract, 0.1 ml. of 0.01 a DPN, 0.1 ml. of 
0.02 m EDTA? (or 0.005 Mm NaS), and 2.65 ml. of 0.1 mu Tris 
buffer, pH 8.0. Reduction of DPN was determined spectro- 
photometrically at 340 my. Mg~~ stimulated the rate at which 
DPN was reduced by L-arabonate but had no effeet on the rate 
when the intermediate was the substrate. Thus, interference by 
L-arabonate in the assay was minimized by the omission of 
Meg**. 

For certain purposes, 2-keto-4,5-dihvdroxyvaleric acid was 
qualitatively detected by mixing 1 drop of a solution with 2 
drops of a saturated solution of 2,4-dinitrophenylhydrazine in 
2n HCl. After 5 minutes the solution was made alkaline. The 
appearance of a reddish-brown color indicated the presence of 
the compound. a-Ketoglutaric acid was measured by the 
method of Friedemann and Haugen (5). 2-Keto-4,5<dihy- 
droxyvaleric acid, when present in equimolar amounts with 
a-ketoglutaric acid, did not cause more than a 10 per cent error 
in the measurement. 

For paper chromatographic procedures, the solvents used were: 
Solvent 1, ether: benzene:formic acid: water (70:30:14:10); Sol- 
vent 2, sec-butanol (washed with FeSO, to remove peroxides and 
then with water) :formic acid (95:5); Solvent 3, n-propanol:for- 
mic acid: water (6:3:1); Solvent 4, methy! cellosolve: water :con- 
centrated NH,OH (80:15:5); Solvent 5, n-butanol:pyridine: 
water (6:4:3). Acids were detected by spraving with bromthymol 
blue (6); a-keto acids were detected with a semicarbazide spray 
(7); and lactones were located with a reagent described by Abdel- 
Akher and Smith (8). The 2,4-dinitrophenyvlhyvdrazones were 
prepared for chromatography as described by Cavallini (9). The 
nitroquinoxaline derivatives were prepared as described by Hock- 
enhull and Foodgate (10). 

Lt-Arabonic acid was prepared by the hypoiodite oxidation of 


‘A. Weissbach and J. Hurwitz, personal communication. 
2 The abbreviations used are: EDTA, ethvlenediaminetetra- 
acetic acid; Tris, tris(hyvdroxymethyv!)aminomethane. 
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L-arabinose (11). 2,4,5-Trihydroxyvaleric acid, a reduced prod- 
uct of 2-keto-4,5-dihydroxyvaleric acid, was synthesized as de- 
scribed by Nef (12). 

The methods of synthesizing 3,4-dihydroxybutyric acid (the 
expected product of oxidative decarboxylation of 2-keto-4, 5-di- 
hydroxyvaleric acid) described by Glattfeld et al. (13) and Glatt- 
feld and Rietz (14) were abandoned because of unsatisfactory 
yields. Yields approaching 100 per cent were obtained in the 
following procedure: 25 gm. (0.37 mole) of 3-butenenitrile are dis- 
solved in 250 ml. of 90 per cent formic acid to which are added 
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Fic. 1. The effect of Mg** and S~~ on the rate of reduction of 
DPN. Curve A, 0.1 ml. of enzyme was mixed with 2.5 ml. of 0.10 
m Tris, pH 8.0, 0.1 ml. of 0.10 M potassium L-arabonate, 0.1 ml. 
of 0.005 wm DPN and water to bring the volume to 3.0 ml. Sub- 
strate was added at zero time; Curve B, same as Curve A except 
that 0.1 ml. of 0.005 Mm NaS was added; Curve C, Same as Curve A 
except that 0.1 ml. of 0.05 m MgCl. was added; Curve D, Same as 
Curve A except that both 0.1 ml. of 0.005 m NaS and 0.1 ml. of 
0.05 m MgCl. were added. Optical density measurements were 
made at 340 mg. 


TABLE I 
Determination of amount of active intermediate 
formed from potassium L-arabonate 

Enzyme, 0.5 ml., was mixed with 0.15 ml. of 0.5 Mm potassium 
L-arabonate, 0.5 ml. of 0.5 m Tris or NH,OH-NH,CI buffer, and 
0.35 ml. of water. At the time intervals listed, 0.2 ml. of the re- 
action mixture was removed and diluted to 1.0 ml. with 0.1 m of 
Tris, pH 8.0. Then 0.5 ml. of the diluted solution was assayed 
for L-arabonate by the lactone test and 0.1 ml. was used to meas- 
sure the intermediate by DPN reduction. 


Tris buffer, pH 8.0 Tris buffer, pH 9.0 NHOH buffer, pH 9.0 


period ger interme. interme- interme- 
min. pmoles/ml. pmoles/ml. pmoles/ml. pmoles/ml. pmoles/ml. pmoles/ml. 
a 4.0 | 39.6 9.5 | 44.2 | 5.5 
6 | 41.2 | 88 | 24.5 | 13.1 | 30.6 | 13.2 
120 | OF | 1.8 | 13.7 12.7 26.6 18.7 
| 84 | 8.7 | 19.3 | 27.8 
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45 ml. of 30 per cent H.O2 (0.4 mole). The reaction mixture is 
allowed to stand in a 37° water bath for 24 hours and finally 
heated on a steam bath for 2 hours to hydrolyze the nitrile com- 
pletely to the acid. Water and formic acid are removed by dis- 
tillation under reduced pressure and the residue is redissolved 
in 100 ml. of water and passed through a Dowex 50 (H*) col- 
umn. The eluate is distilled in a vacuum and the fraction boil- 
ing from 155° to 158° at 5 mm. is collected. The yield of lac- 
tone is about 35 gm. or 92.5 per cent. 


RESULTS 


Formation of 2-Keto-4 ,5-dihydroxyvaleric Acid 


Crude enzyme preparations from P. saccharophila reduce 
DPN with L-arabonate as substrate only after a definite lag 
period (1). If NasS and MgCl, are included in the reaction mix- 
ture, the time required for the quantitative reduction of DPN 
is significantly reduced and the lag period is shortened but not 
entirely abolished (Fig. 1). Other substances combining with 
ions of heavy metals, such as 2,3-dimercaptopropanol, cysteine, 
glutathione, and EDTA, can replace sulfide. 

It has also been reported that an unstable intermediate is 
formed by a nonoxidative process when L-arabonate is incubated 
with crude extract in the absence of DPN (1). The presence of 
this substance was detected by the immediate and rapid reduc- 
tion of DPN when DPN was added to the reaction mixture. In 
preliminary experiments, a method of assay was developed based 
on the enzymatic reduction of DPN in the presence of the inter- 
mediate. Evidence that this was a valid measure of the inter- 
mediate was obtained in subsequent experiments with the 
purified intermediate where the amount of DPN reduced corre- 
sponded to the amount of a-ketoglutaric acid produced in the 
oxidation (Table III). Using this assay, the formation and 
stability of the intermediate was investigated. The compound 
apparently is inactivated in some manner in Tris buffer (Table 
I). In NH,CI-NH,OH buffer, the intermediate is more stable 
and there is a better correlation between the amount of L-arabon- 
ate consumed and the amount of intermediate formed. The 
optimum pH for formation of the intermediate in the ammonium 
buffer is 9; however, at higher pH’s the compound is unstable in 
this buffer, also. 

The addition of most deproteinizing agents to the reaction mix- 
ture resulted in a loss in enzymatic activity of the intermediate. 
The most satisfactory method of deproteinization was by acidifi- 
eation of the reaction mixture with Dowex 50 (H*). The 
compound may be stored for several months under neutral or 
acid conditions if kept at —20°. At room temperature there 
was a slow loss of activity over a period of several days. Alka- 
line solutions of the intermediate became inactive within a few 
hours at room temperature. When heated, these alkaline solu- 
tions turned a bright reddish-orange color. 

The first indication that the intermediate formed from L-arab- 
onate is a keto compound was obtained when it was observed 
that there was a reaction between the compound and 2, 4-dinitro- 
phenylhydrazine. The intermediate also reacted with semi- 
carbazide (15) and o-phenylenediamine (16) to produce addition 
products which have absorption maxima at 250 my and 325 mg, 
respectively. The latter two tests are considered to be specific 
for a-keto acids. 

Paper chromatographic examination indicated that only one 
intermediate accumulates in the reaction mixture. The reac- 
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tion mixture, after being treated with Dowex 50 (H*), was 
applied to the chromatogram sheet and developed by ascending 
chromatography in one of the solvents listed in the section on 
“Methods.” Location of the compound was detected by spray- 
ing the sheet with either an acid or an a-keto acid indicator. All 
chromatograms have shown the presence of only one compound 
in the reaction mixture other than the substrate, L-arabonate. 
In each of the five solvents the intermediate has an Ry different 
from either L-arabonate or a-ketoglutarate (Table IT). 


Isolation of 2-Keto-4 ,5-dihydroxyvaleric Acid 

[solation of the intermediate was accomplished by chromato- 
graphy on Dowex | columns. A reaction mixture composed of 
4.0 ml. of crude enzyme preparation, 2.0 ml. of 0.5 m potassium 
t-arabonate, 2.0 ml. of 0.02 m EDTA, 1.0 ml. of 0.05 m MgSO,, 
and 1.0 ml. of 0.6 m NH,OH-(NH,).SO, buffer, pH 9.0, was in- 
cubated at 30° for 3 hours. The pH of the mixture, which de- 
creased as the reaction proceeded, was readjusted to pH 9 with 
1.0 mM KOH at frequent intervals. Assay of the incubation mix- 
ture by the DPN reduction method indicated that 920 uwmoles 
of 2-keto-4,5-dihydroxyvalerate had been formed. The reac- 
tion mixture, which contained a flocculent precipitate, was de- 
proteinized by passing it through a column of Dowex 50 (H*), 
and the column was washed with water until the effluent gave a 
negative test for a-keto acid (as determined by reaction with 
2,4-dinitrophenylhydrazine). The effluent was then passed 
through a Dowex | (formate) column. Next, the column was 
washed thoroughly with 0.25 m formic acid which removed resid- 
ual L-arabonate. The intermediate was then eluted from the 
column with 0.275 m formic acid. Fractions giving a positive 
a-keto acid test were pooled and concentrated by lyophilization. 
The residue was dissolved in water and assayed. At this point 
recovery of the enzymatically active intermediate was 90 per 
cent. Solvent could not be removed by distillation under re- 
duced pressure without complete loss of activity. 

The lyophilized material was a gummy syrup which showed 
no tendency to crystallize. It was soluble in water, ethanol, 
and acetone but insoluble in ether. Various salts were pre- 
pared by neutralization and lyophilization. These were ob- 
tained as syrups which showed the same solubility properties 
as the unneutralized intermediate. 

Aqueous solutions of the lyophilized intermediate gave a posi- 
tive ferric chloride test for the enol group. By chemical means 
to be discussed later, it was found that 80 to 90 per cent of this 
preparation existed in the lactone form and the remainder as 
the free acid. At pH 7, the lactone was completely hydrolyzed 
within 3 hours while only 5 minutes were required at pH 8. 
Chromatograms of the lactone showed the presence of a single 
spot characterized by an Rr which was different from that of 
L-arabono-y-lactone (Table II). Chromatograms of the free 
acid, obtained by neutralizing and hydrolyzing the lactone and 
then passing the solution through a Dowex 50 (H*) column, 
also revealed a single spot when sprayed with either an acid or 
a-keto acid indicator. 

The intermediate was identified chromatographically by com- 
parison with pL-2-keto-4,5-dihydroxyvaleric acid which has been 
chemically synthesized.* The Rr values of the free acid and lac- 
tone form of the intermediate are identical with those of the 
corresponding forms of the synthetic compound. In addition, 
both the intermediate and synthetic p1L-2-keto-4,5-dihydroxy- 

* Details of the synthesis of pL-2-keto-4,5-dihydroxyvaleric 
acid will be presented in a subsequent report. 
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TaBLeE II 


Comparison of Rp values of synthetic compounds with enzymatically 
produced intermediate and its derivatives 


Solvents* 
|; 
u-Arabonic acid.............. 0 00 0.33 0 34 0.56 0.16 
L-Arabono-y-lactone....... | | 0.50 0.54 1.00 0.73 
a-Ketoglutaric acid. 0.40 0.71 0.86 0.50, 0.21 
2-Keto-4,5-dihydroxyvaleric acid. | 0.15 0.59 0.64 0.74 0.29 
Intevmoediate................. | 0.16 0.59 0.63 0.77 0.29 
Lactone of 2-keto-4,5-dihydroxy- | | | | 
valeric acidf............ hor 0.71 0.75 1.00 0.82 
Lactone of | 0.71 0.75 1.00) 0.81 
3,4-Dihydroxybutyrie acid 0.11 0.64 0.62 0.64 0.34 
Oxidized intermediatet. | 0.64 0.60 0.60 0.30 
Lactone of 3,4-dihydroxybutyric | | 
Lactone of oxidized intermediatet | 0.78 0.83 1.00 0.72 
2,4,5-Trihydroxyvalerie acid 0.54 0.32 0.68 0.21 
Reduced intermediate§. 0.03 0.57 0.30 0.66 0.19 
Lactone of 2,4,5-trihydroxyvaleric | | | 
Lactone of reduced intermediatet 0.67 0.65 1.00 0.75 


* See ‘‘Methods”’ for composition of the solvents. 

t Lactones were prepared by heating a 0.1 m solution of the 
compound to 0.1 N HCI for 5 minutes in a boiling water bath. 

¢t Prepared by treating the intermediate with H.2Q:. 

§ Prepared by treating the intermediate with sodium borohy- 
dride. 


TaB_e III 


Comparison of various methods of assay for pL-2-keto-4,6- 
dihydrozryvaleric acid and enzymatically produced 
intermediate in aqueous solution 


| Concentration of substrate* as 
determined by: 


Substrate a-Ketoglu- Decarboxyl- 
DPN | taric acid ation with 
reductiont determina- hydrogen 
tion! peroxide§ 
pmoles/ ml. pmoles/ ml. pmoles ml. 
pL-2-Keto-4,5-dihydroxy- 
valeric acid............ 18.7 19.9 36.4 
Intermediate 55.5 | 56.6 55.7 


* Lyophilized preparations of the substrates were dissolved in 
arbitrary amounts of water and assayed by the methods listed. 

+t Dilutions of the aqueous solution were made so that a 0.1- 
ml. aliquot of the diluted sample, when added to a cuvette con- 
taining the assay mixture, would result in the reduction of 0.5 
umole or less of DPN. 

t Reaction mixtures, used to measure DPN reduction, were 
pooled, and 2,4-dinitrophenylhydrazine added. The derivative 
was extracted and measured colorimetrically. 

§ A volume of solution containing 2 to 5ymoles of substrate (as 
determined by DPN reduction) was treated with H-O,. and CO, 
production measured as described in text. 


valeric acid are enzymatically oxidized to a-ketoglutaric acid. 
While the intermediate is quantitatively oxidized in a reaction 
mixture of crude enzyme, DPN, EDTA, and Tris buffer, pH 8.0, 
50 per cent of the synthetic keto acid is transformed which is 
the expected result for the pL-compound (Table III). 
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Attempts to isolate the intermediate from deproteinized reac- 
tion mixtures as the calcium salt following the procedure de- 
scribed by Palleroni and Doudoroff (17) for the precipitation of 
the calcium salt of p-2-keto-4,5-dihydroxyvaleric acid were un- 
successful. 


: Chemical Properties 


Oxidation by Ceric Sulfate and Hydrogen Peroxride—Ceric sul- 
fate is an oxidizing agent that is usually specific for a-keto acids 
if the reaction is measured by CO, production. However, it 
could not be used for the decarboxylation of 2-keto-4,5-dihy- 
droxyvaleric acid since it caused extensive degradation of the 
compound resulting in the production of large amounts of COb. 

Hydrogen peroxide will also decarboxylate a-keto acids, and 
has the advantage over ceric sulfate that strongly acidic condi- 
tions are not required. It was found that hydrogen peroxide 
produced exactly 1 mole of CO, per mole of intermediate under 
the following conditions: 5 umoles of the intermediate were placed 
in a Warburg flask with two side arms. An excess (0.2 ml.) of 
0.1 N KOH was added and the volume was brought to 1.0 ml. 
with water. In one side arm was placed 0.1 ml. of 0.5 N acetic 
acid and in the other 0.1 ml. of 3 per cent H.O.. After temper- 
ature equilibration, the acetic acid was tipped into the flask. 
After another 10 minutes, peroxide was added. Decarboxyla- 
tion was usually complete within 5 to 10 minutes. 

Since peroxide will not react with the lactone, it is necessary to 
hydrolyze the lactone ring by the addition of excess base. Ace- 
tic acid was then used to acidify the reaction mixture since ace- 
tate buffer is most efficient at pH 4. At this pH, (a) the inter- 
mediate does not lactonize, (b) the solubility of COz is negligible, 
and (c) hydrogen peroxide does not spontaneously decompose to 
oxygen and water. 

In another experiment, 100 uwmoles of the intermediate were 
decarboxylated with hydrogen peroxide. When the oxidation 
was complete, the reaction mixture was passed through a Dowex 
1 (formate) column. The column was washed with water and 
the decarboxylated compound then eluted with 0.1 nw HCOOH. 
It was detected in the eluate by the lactone test. However, the 


TaBLe IV 


Determination of formaldehyde and 8-formylpyruvic acid produced 
by oxidation of L-2-keto-4,5-dihydrozyvaleric acid by periodate 
A volume of 0.3 ml. of 0.1 N NaOH was added to 0.2 ml. of a so- 

lution of 2-keto-4,5-dihydroxyvaleric acid containing 55.5 umoles 

per ml. in order to hydrolyze the lactone. After 5 minutes 0.1 

ml. of 1 N H2SO, and 0.5 ml. of 0.1 m HIO, were added. The reac- 

tion mixture was incubated at room temperature. At the time 

intervals listed, 0.1 ml. was transferred to a solution of 1 ml. of 

1 N H2SO, and 1 mi. of 1 N Na;AsO;. After the iodine color had 

faded, the solution was diluted to 5 ml. and assayed for formalde- 

hyde and 8-formylpyruvic acid. 


Time | Formaldehyde 8-Formylpyruvic acid 
minules | total wmoles | optical density units 

0 | 0 | 0 

5 10.9 1.810 

10 | 10.5 0.830 

20 3.2 0.340 

30 11.4 ). 225 

60 12.0 0.090 

0) .000 


120 | 12.5 


compound did not react with 2,4-dinitrophenylhydrazine. Frae- 
tions giving a positive lactone test were pooled and lyophilized, 
The residue was dissolved in water, a known excess of NaOH 
added, and the solution back-titrated to the phenolphthalein 
end point. The lyophilized eluate contained 92 yweq. of acid, 
Chromatography of the eluted compound on paper as the free 
acid and as the lactone revealed the presence of a single compound 
possessing an R, indistinguishable from that of the correspond- 
ing forms of 3,4-dihydroxybutyric acid (Table II). It was also 
found that both 3,4-dihydroxybutyrate and the compound 
formed by the decarboxylation of the intermediate could be ox- 
idized by periodate with the production of 1 wmole of formalde- 
hyde per umole of substrate. 

These results demonstrate that the intermediate is oxidized by 
hydrogen peroxide to CO; and 3 ,4-dihydroxybutyric acid. Com- 
parable results were obtained with a known sample of p1L-2-keto- 
4 ,5-dihydroxyvaleric acid. 

This reaction furnishes a convenient method for measuring 
2-keto-4 ,5-dihydroxyvaleric acid. By omitting the hydrolysis 
step in the assay described above, it is possible to measure the 
amount of free acid in the presence of the lactone. 

Periodic Acid Oxidation—The course of oxidation of 2-keto- 
4 ,5-dihydroxyvaleric acid, of either enzymatic or chemical origin, 
by periodate was followed by assaying for formaldehyde and 
B-formylpyruvate. Since periodate will not oxidize the lactone 
form of the intermediate, the lactone was hydrolyzed with base 
and then the required amount of periodate was added along with 
enough H.SO, to give a final concentration of 0.1 N acid. A 
umole of formaldehyde was produced per umole of substrate 
within 5 minutes, and the amount did not significantly change 
in the next 120 minutes (Table IV). 

The maximal quantity of 8B-formylpyruvate was obtained 5 
minutes after mixing the intermediate with periodate (Table IV). 
Its concentration then decreased until it had almost disappeared 
at the end of 60 minutes. The spectrum of the color produced 
had an absorption maximum at 550 my. The results are given 
in optical density units since an authentic sample of formylpy- 
ruvate was not available for molar absorption determinations. 

The disappearance of formylpyruvate very likely was due to 
its decarboxylation by periodate. In a separate experiment in 
which the oxidation was performed in a Warburg respirometer 
at 30°, it was found that 1 umole of COz was produced in 60 min- 
utes from 1 umole of 2-keto-4,5-dihydroxyvaleric acid. No 
steam volatile acids could be detected in the experiment de- 
scribed in Table IV or in similar experiments performed on a 
larger scale. 

The amount of periodate consumed could not be quantitatively 
measured by iodine titration because the oxidized products re- 
acted slowly with the iodine resulting in false and fading end 
points. Also, it was not possible to measure periodate reduction 
spectrophotometrically since the products of the reaction had 
larger extinction coefficients than the periodate. 

These results are consistent with the identification of the in- 
termediate of L-arabinose metabolism by P. saccharophila as 2- 
keto-4 ,5-dihydroxyvaleric acid. The fact that the compound 
gives a positive reaction with 2-thiobarbituric acid after being 
oxidized by periodate establishes it as a 2-keto-3-deoxy sugar 
acid. The simultaneous formation of formaldehyde and {-for- 
mylpyruvate without the concomitant production of formic acid 
from this oxidation can be obtained with only one 2-keto-3-deoxy 
sugar acid, 2-keto-4,5-dihydroxyvaleric acid. 


Vol. 234, No. 4 


cy* 


p 

b 

W 

h 

at 

in 

W 

is 

in 

th 

(f 

fo 

te 

pe 

lac 

as 

R 

tri 

(] 

id) 

wit 

De 

On 

In 

cle: 


April 1959 


Reaction with 2 ,4-Dinitrophenylhydrazine and 4-Nitro-o-phenyl- 
enediamine—Although it was demonstrated that the intermedi- 
ate which had been treated with alkali in order to hydrolyze the 
lactone contained a carbonyl group adjacent to the carboxyl, it 
was not possible to obtain a solid derivative using the usual re- 
agents for a-keto acids. Both 2,4-dinitrophenylhydrazine and 
4-nitro-o-phenylenediamine reacted with the intermediate as 
could be shown by the intense color produced when the reaction 
mixtures were made alkaline. However, the derivatives did not 
precipitate from acid solution. Attempts to purify the deriva- 
tives by extraction from acid solution into ethy] acetate followed 
by removal of the derivative from the ethyl acetate by washing 
with 10 per cent Na»CO; were unsuccessful. In contrast, Pal- 
leroni and Doudoroff (17) were able to obtain a solid 2 ,4-dinitro- 
phenvlhydrazone of the p-isomer of the a-keto acid which could 
be dissolved in ethyl! acetate and recrystallized from ethanol. 

Reduction with Sodium Borohydride—An aqueous solution, 5 
ml., of 0.04 m intermediate was neutralized with NaOH until the 
pH remained at 8, and 100 mg. of solid sodium borohydride were 
added. Reduction was complete within 5 minutes as determined 
by the absence of a reaction with 2,4-dinitrophenylhydrazine. 
After 15 minutes the excess borohydride was destroyed by acidi- 
fying with HCl to approximately pH 1 and then the reaction 
mixture was diluted to 10 ml. with water. A volume of 0.1 ml. 
was removed and oxidized by periodate; 1.8 uwmoles of formalde- 
hyde were produced in the oxidation but no CO, Also, no CO» 
was produced when a I-ml. sample was treated with hydrogen 
peroxide (with the use of the procedure described for decarboxy]- 
ating the intermediate). 

To separate the reduced derivative from HCl] and borate, it 
was converted into the lactone by heating for 5 minutes in a boil- 
ing water bath. After cooling to room temperature, the solution 
was passed through a Dowex 1 (formate) column. The lactone 
is not adsorbed by the resin. The eluate containing the reduced 
intermediate was neutralized to pH § to 9 in order to hydrolyze 
the lactone and the solution was again passed through a Dowex 1 
(formate) column. The reduced intermediate, as a salt, is ad- 
sorbed by the column. After washing the column with 0.025 m 
formic acid, the compound was eluted with 0.03 m formic acid. 
The presence of the derivative in fractions of the eluate was de- 
tected by the lactone test. Fractions giving a positive test were 
pooled, lyophilized, and redissolved in water. The recovery of 
lactonizable material was 80 per cent. When chromatographed 
as the acid or as the lactone, the reduced intermediate possessed 
Ry values corresponding to those of a known sample of 2,4 ,5- 
trihydroxyvaleric acid or its lactone (Table I). 


DISCUSSION 


There are certain similarities in the metabolism of p-glucose 
(14, 18), p-galactose (19), and p-arabinose (2, 17) by P. saccharo- 
phila. The sequence of events is as follows. The sugar is ox- 
idized to the aldonic acid which is then dehydrated to form the 
2-keto-3-deoxy sugar acid. This latter compound is cleaved 
with the formation of pyruvic acid from the first three carbons. 
Details of the mechanism are different for different sugars. For 
example, glucose and all of its intermediates are phosphorylated. 
On the other hand, a phosphorylated compound does not appear 
in the pathway of galactose metabolism until just before the 
cleavage step. No phosphorylated compound appears to be 
formed in p-arabinose oxidation. With p-arabinose, the pattern 
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also varies in that an oxidation occurs along with the cleavage of 
the 2-keto-3-deoxy sugar acid to form pyruvic and glycolic acids. 

The oxidation of L-arabinose in P. saccharophila follows the 
same general metabolic scheme, except that a-ketoglutaric acid 
is formed rather than pyruvic acid (1). It has now been shown 
that L-arabonic acid may be dehydrated to a 2-keto-3-deoxy 
sugar acid. The identification of this compound is based on a 
comparison of its chemical properties with those of a known sam- 
ple of 2-keto-4, 5-dihydroxyvaleric acid, and by its reduction by 
sodium borohydride to a compound chromatographically identi- 
fied as 2,4,5-trihydroxyvaleric acid. 

The configuration of the hydroxy! group on the C, of the in- 
termediate has not been determined. Since this carbon does not 
appear to be involved in the dehydration step, it probably re- 
mains in the L-configuration. This assumption is based on the 
stereospecificity of the enzymes involved in the dehydration of 
6-phosphogluconic acid and of galactonic acid, and the subse- 
quent cleavage of the dehydrated sugar acids (19). In the me- 
tabolism of these sugars, the configuration about the C, remains 
unchanged in the dehydration step. Comparable results have 
been obtained in L-arabinose metabolism. The dehydrase in the 
crude enzyme preparation is active on L-arabonate but not on 
p-arabonate (1). Also, only 50 per cent of p1-2-keto-4 ,5-lihy- 
droxyvaleric acid are oxidized to a-ketoglutaric acid by the en- 
zyme system. 

A minimum of two steps would be required for the enzymatic 
oxidation of L-2-keto-4 5-dihydroxyvaleric acid to a-ketoglutaric 
acid. It could occur either by a dehydration between carbons-4 
and -5 followed by an oxidation, or the oxidation could be the 
first step and followed by a rearrangement. There is no direct 
evidence available to indicate which of these two schemes, or 
perhaps even another, is operating in P. saccharophila. It ap- 
pears likely, however, that the oxidation is the first step. In 
reaction mixtures in which L-arabonate is the substrate but which 
lack DPN, no new compounds other than 2-keto-4 ,5-lihvdroxy- 
valeric acid have been detected. Also, there is no lag or induc- 
tion period in DPN reduction when 2-keto-4 ,5-dihydroxyval- 
erate is being oxidized to a-ketoglutarate. An induction period 
would be expected if the 2-keto-3-deoxy sugar acid first had to be 
converted to another compound for the oxidation to take place. 

The only other report on 2-keto-4 ,5-dihydroxyvaleric acid is 
its biological formation from p-arabonate (2). While there are 
a few discrepancies, the properties described for the compound 
formed by the dehydration of L-arabonate agree well with those 
described for the keto acid formed from p-arabonate. It seems 
probable, therefore, that these two compounds are stereoisomers 
of each other. 


SUMMARY 


A new intermediate, L-2-keto-4 ,5-dihydroxyvaleric acid, has 
been identified in the oxidation of L-arabinose to a-ketoglutaric 
acid by Pseudomonas saccharophila. It is formed by a nonoxida- 
tive process from L-arabonate and is isolated by elution from a 
Dowex 1 column. The intermediate has been characterized by 
chemical degradative procedures and by reducing it to 2,4,5- 
trihydroxyvaleric acid. 

In the presence of diphosphopyridine nucleotide the interme- 
diate is quantitatively oxidized to a-ketoglutaric acid at a much 
greater rate than is L-arabonate. It is suggested that at least 
two steps are required for this conversion, an oxidation being the 
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first step. The enzyme system seems to exhibit a specificity for 
the L-configuration since in this system only 50 per cent of the 
pL-2-keto-4 , 5-dihydroxyvaleric acid are oxidized, and p-arabon- 
ate not at all. 
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Thiamine diphosphate is essential to the action of enzymes 
catalyzing the decarboxylation of a-keto acids, the formation of 
a-keto alcohols and related reactions. The thiamine diphos- 
phate molecule while combined with the enzyme is probably 
intimately involved in the catalytic process. Ugai et al. (1) and 
Mizuhara et al. (2) and Mizuhara and Oono (3) have shown that 
thiamine itself catalyzes these same reactions slowly in the ab- 
sence of any enzymes. Because study of these nonenzymic re- 
actions should assist in understanding the biological function of 
thiamine, we have investigated further the decarboxylation of 
pyruvate catalyzed by thiamine under conditions similar to those 
of Mizuhara. The stoichiometry and kinetics of the reaction, 
identity of products and effects of pH, metal ions, and tempera- 
ture have been considered. Similar work has been reported 
briefly by Koffler and Krampitz (4). 


EXPERIMENTAL 


Chemicals and Reagents—Sodium pyruvate from Nutritional 
Biochemicals Corporation was recrystallized from ethanol (5). 
Merck thiamine chloride hydrochloride was used as received. 
Stock solutions (0.5 M) of these two compounds were prepared, 
stored in a refrigerator, and used for up to 1 month. Crystalline 
acetoin dimer was prepared from commercial acetoin which had 
been redistilled under vacuum (6). Acetolactate solutions were 
obtained by hydrolysis of ethyl a-methyl-a-acetoxyacetoacetate 
prepared by the method of Krampitz (6). Buffers were prepared 
from recrystallized borax or sodium pyrophosphate and HCl or 
recrystallized triethanolamine hydrochloride and NaOH. 

Procedure—Reactions were conducted in Thunberg tubes 
which had been evacuated to about 15 mm. pressure with a water 
pump for 5 to 15 minutes, in Warburg vessels under nitrogen, or 
under nitrogen in special reaction vessels. The latter permitted 
sampling at various time intervals by means of a hypodermic 
syringe needle inserted through a rubber cap. In the majority 
of cases the main chamber contained the buffer, sodium pyruvate, 
water, and sufficient NaOH to bring the thiamine added to the 
desired pH. In the Thunberg cap or reaction vessel side arm 
was placed 0.1 to 0.2 ml. of thiamine hydrochloride solution. 

It was found that pyruvate was surprisingly labile when ex- 
posed to moderate excesses of base. Triethanolamine buffers 
(pK 7.9) in contrast to borate buffers (pK 9.2) had insufficient 
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capacity to prevent the pH of the pyruvate-buffer-NaOH solu- 
tion from rising to about 12 before the thiamine hydrochloride 
was tipped in. As much as 30 per cent of the pyruvate was 
destroyed during the 30 minutes required for preparation, evacua- 
tion, and preincubation of the samples. This difficulty was 
avoided in the Warburg manometer runs by using neutralized 
thiamine in the side arm in place of thiamine hydrochloride. In 
the Thunberg tube runs it was found easier to put the pyruvate 
in the cap and the remainder of the reaction mixture including 
the thiamine in the tube. This modified procedure was used in 
obtaining the data on pH dependence in Fig. 3. Controls con- 
taining thiamine and buffer alone and pyruvate and buffer were 
always used. The total volume after mixing was usually 2.5 ml. 
For the longer incubations in Warburg flasks all volumes were 
cut by one-half. For measuring the kinetics of acetoin and 
acetolactate formation larger volumes were incubated in special 
reaction vessels. 

When acetaldehyde was required in a reaction mixture, the 
evacuated Thunberg tubes were filled with nitrogen to a pressure 
slightly in excess of 1 atmosphere. After several minutes in the 
water bath, excess pressure was released by opening the tube 
momentarily. The tube was then again opened momentarily 
and the acetaldehyde injected by means of a syringe. 

pH values were measured, usually on each reaction mixture, 
at 25° with a Beckman model G pH meter. In most cases the 
desired pH values held to within +0.1 unit during the reactions. 
The pK, of the thiazolium ring-opening reaction was measured 
as the pH of a solution of pure recrystallized thiamine chloride 
hydrochloride to which had been added exactly two equivalents 
of NaOH. | 

Analytical Methods—Acetoin was measured by the procedure 
of Westerfeld (7) in which it reacts with creatine, a-naphthol, 
and oxygen in a basic medium to give a red color. The optical 
density was measured at 525 my with a Beckman spectrophotom- 
eter. The molar absorbancy index, based on acetoin concentra- 
tion, was 2.01 x 10‘. Standards were prepared from crystalline 
acetoin dimer. The chemistry of this color reaction is unknown, 
but we have performed the following tests to establish its reli- 
ability. Good agreement was observed when an acetoin-contain- 
ing mixture produced by the incubation of thiamine with pyru- 
vate was analyzed by both the Westerfeld method and the 
procedure of Neuberg and Strauss (8). In the latter, acetoin 
is oxidized to biacetyl, distilled, and converted to the bis-2,4- 
dinitrophenylhydrazone which is measured colorimetrically. 
Furthermore the 2,4-dinitrophenylhydrazones prepared in this 
way from (a) authentic acetoin, (6) a thiamine-pyruvate reaction 
mixture, and (c) a mixture of (a) and (5), all had the same melt- 
ing point of 315-318° with decomposition. 

The effects on the acetoin color test of all the components used 
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in our reaction mixtures in the maximal amounts ever present 
have been studied. The color developed from 0.1 umole of 
acetoin was unaffected by borate and sodium pyruvate. Thia- 
mine and other thiazolium salts diminish the color yield, more so 
if no pyruvate is present. When 20 umoles of thiamine and 200 
umoles of pyruvate were present only 77 per cent of the expected 
color formed. This interference was not significant in the present 
experiments where the thiamine content in samples for analysis 
seldom exceeded 4 umoles and the color yield was at least 96 per 
cent of maximum. The thiol form of thiamine (form III, see 
diagram in “Results and Discussion’’) is presumed to interfere 
with the color reaction as do other thiols (9). 

When acetaldehyde is present the color is atypical. Color 
development is inhibited and does not become maximal until 
after 24 hours. This interference was avoided by removal of the 
excess acetaldehyde by aeration from aliquots of reaction mix- 
tures (usually 0.5 ml.) over a period of 3 hours at room tempera- 
ture. Air was passed into the samples using 5-inch stainless steel 
syringe needles. To stop acetolactate formation during the 
aeration, the pH of the solutions was lowered to about 6 by 
addition of HC] or of phosphate buffers. 

A small amount of color is developed by thiamine-containing 
blanks upon long incubation. Thiamine decomposition is known 
to lead to an a-keto mercaptan (10, 11) which could possibly 
give the color test. The error in our measurements from this 
cause is insignificant unless pyruvate in some way promotes the 
breakdown of thiamine to color-yielding products. 

Acetolactate gives little if any color in the acetoin test. How- 
ever, it can readily be decarboxylated to acetoin by treatment 
with acid (6). We find that addition of sufficient hydrochloric 
acid to lower the pH to 2 or less, followed by 1 hour of incuba- 
tion at 40°, will quantitatively decarboxylate acetolactate. 
Analysis for acetoin then gives the sum of the acetoin and aceto- 
lactate originally present. 

Acetaldehyde was measured by the direct aeration procedure 
described by Neidig and Hess (12). The color produced was 
measured at 575 my with the use of a Beckman model B spectro- 
photometer. Standard acetaldehyde solutions were aerated 
with each set of samples. These solutions could be standardized 
conveniently by comparing their color vields (without aeration) 
with that of a standard paralydehyde solution prepared according 
to Stotz (13). 

Pyruvate was determined by a modification (14) of the method 
of Friedemann and Haugen. 

Thiamine was measured by conversion to the transient vellow 
form (15) according to the following procedure. The sample 
was diluted and slightly acidified to convert all thiamine present 
to the thiazolium form. Into a l-cm. spectrophotometer cell 
were placed 3 ml. of the diluted sample and the spectrophotom- 
eter was set at 100 per cent transmission. At zero time, 0.1 ml. 
of 2.6 s sodium hydroxide was added with the Boyer-Segal adder- 
mixer (16). Readings were taken at 349 my every 5 seconds for 
60 seconds. The plot of log absorbancy against time was linear 
and permitted extrapolation to obtain the zero time absorbancy. 
The test appears to be highly specific for the intact thiamine 
molecule. 

Carbon dioxide evolution was determined in the Warburg ap- 
paratus using flasks with two side arms. The first side arm con- 
tained the thiamine solution, which was tipped in at zero time; 
the second, 0.) ml. of 5. sulfuric acid to stop the reaction and 
release the carbon dioxide. xcessive carbon dioxide absorption 
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from the air during sample preparation was avoided by working 
rapidly and by neutralizing the thiamine solution placed in the 
side arm so that a smaller excess of base would be required in 
the main chamber before mixing. This also prevented the pre- 
viously described destruction of pyruvate in triethanolamine 
buffers. No carbon dioxide was produced when pyruvate and 
buffer were incubated alone. A very slight apparent carbon 
dioxide production occurred as thiamine blanks were incubated, 
amounting to less than 0.3 mm (0.3 mmole of carbon dioxide 
produced per liter of reaction mixture) in 3 hours. Since this 
amount is barely significant, no correction was made. Reaction 
mixtures into which the acid was tipped at zero time evolved 
about 1.2 mm carbon dioxide. All data were corrected through 
the use of such controls with each experiment. Samples were 
run in triplicate and the results averaged. Carbon dioxide evolu- 
tion from carbonate was complete 10 minutes after the acid was 
tipped but when acetolactate was present a full 50 minutes was 


needed. 


RESULTS AND DISCUSSION 


When sodium pyruvate is incubated with thiamine in 
slightly alkaline solution in the absence of air, the pyruvate is 
slowly decarboxylated. Several products may arise. Pre- 
sumably thiamine and pyruvate initially react to form some 
type of intermediate compound or compounds. Either before or 
after decarboxylation such an intermediate may react with a 
proton (Equation la) to produce acetaldehyde and carbon 
dioxide, or with the carbonyl group of a second molecule of 
pyruvate to vield a-acetolactate (Equation 15). 


CH,-C-CO0" co, + cH,-c* 
H 
+H* 
thiamin 
iamine 
7 + CH,-C-COO™ 0 OH 
[inter mediotes] b > COs + CH,-C-C-CH, (1) 
acetolactate 
co 
O OH 


" 
CH = C- -2 - CH, 
acetoin 


This latter B-keto acid may be readily decarboxylated (equation 
lc) to acetoin. Acetaldehyde, if present, may also react in step 
d of Equation | to give acetoin directly. 

Under our test conditions acetaldehyde is not produced to a 
significant extent, but the reaction proceeds via steps 6 and c to 
give acetolactate and acetoin as the major products. 

Acetoin and Carbon Dioxide Production—Fig. 1 shows the 
formation of carbon dioxide (Curte A) and of acetoin (Curves B 
and C’) when 0.2 mM pyruvate was incubated with 0.02 M thiamine 
in triethanolamine or borate buffer, pH 8.9 to 9.0, 40°. The 
acetoin concentrations have been multiplied by two because 2 
molecules of pyruvate must be decarboxylated to yield 1 of 
acetoin. The acetoin after acid treatment (Curve D) represents 
the sum of acetoin plus acetolactate plus any other intermediates 
which might accumulate and yield acetoin upon acidification. 

The rate of acetoin production eventually falls off. In one 
experiment in 40 hours 22 mM acetoin was produced in borate 
buffer (without acid treatment). This corresponds to a loss of 
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22 per cent of the pyruvate present. However, direct measure- 
ment showed that over 90 per cent of the pyruvate had been 
destroyed. Even in 4 hours 20 per cent of the pyruvate was 
destroved, whereas carbon dioxide evolution accounted for only 
4.7 per cent of this. Evidently some nondecarboxylative side 
reactions occur. Pyruvate undergoes a variety of base-catalyzed 
condensations (17) and it is possible that thiamine promotes 
some of these. Pyruvate destruction in controls containing no 
thiamine was only about half as great as in the presence of thia- 
mine. Thiamine was also destroyed in the same reaction mix- 
tures to the extent of approximately 5 per cent in 4 hours and 24 
per cent in 40 hours at 40°. 

Acetoin Production from Acetaldehyde—Thiamine also catalyzes 
the direct acyloin condensation of 2 molecules of acetaldehyde to 
acetoin. However, acetaldehyde reacts much more slowly than 
pyruvate. When approximately 0.2 M acetaldehyde was incu- 
bated with 0.02 m thiamine at pH 9.2 in 0.08 m pyrophosphate 
buffer for 2 hours at 40° only 0.1 mM acetoin was formed. This 
is only about 6 per cent of that formed from 0.2 mM pyruvate un- 
der comparable conditions. 

Thiamine as Catalyst—Even in 40 hours each molecule of thia- 
mine present has catalyzed the formation of only a little over 1 
molecule of acetoin on the average. To clearly establish that 
thiamine is acting catalytically, we have devised conditions (0.01 
u thiamine, 0.5 m pyruvate, borate buffer, pH 8.7, 50°) under 
which a yield of 3 moles of acetoin per mole of thiamine is ob- 
served in 22 hours. 

Kinetics and Evidence for Unstable Intermediate—The evolu- 
tion of carbon dioxide exceeds that of acetoin plus acetolactate 
(Fig. 1). Carbon dioxide production begins immediately and is 
readily measurable after 15 minutes. However, in 15 minutes 
no acetoin or acetolactate is yet detectable and there is a lag of 
over an hour before the rate of acetoin formation becomes maxi- 
mum. We believe that this characteristic lag together with the 
rapid initial carbon dioxide production indicates the formation 
of one or more unstable intermediates. 

The kinetics of the reaction can be described approximately by 
assuming two consecutive first order reactions. The equations 
for this simple case (18) can be fitted to the data remarkably well. 
On this basis, from Curve D (Fig. 1) a maximal intermediate con- 
centration of 0.75 mM is estimated. However, several complica- 
tions prevent an exact mathematical description: (a) The 
“steady-state” rate of carbon dioxide formation is about 17 per 
cent greater than that of acetoin (x 2), probably because some 
of the decarboxylated pyruvate is converted to side products. 
(6) The amount of carbon dioxide evolved in the first 15 minutes 
of reaction is too high. The dashed portion of Curve A (Fig. 1) 
indicates the expected shape of the carbon dioxide curve for two 
consecutive first order reactions. We have been unable to find 
the cause of this anomaly. (c) The previously mentioned de- 
struction of pyruvate and thiamine causes the reaction rate to 
fall prematurely. 

Further evidence for the presence of a reactive intermediate 
was obtained as follows. Pyruvate (0.2 mM) and thiamine (0.04 
uM) were incubated in 0.08 mM pyrophosphate buffer, pH 9.2, 40° 
for 30 minutes. Enough acetaldehyde to give a concentration 
of 0.2 Mm was then added to one such sample (C) while to another 
(A) was added a comparable amount of water. Sample A was 
then placed in an ice bath to hinder further reactions. Sample 
C was incubated another 30 minutes and acetoin was determined 
without decarboxylation. Still a third sample (B) containing 
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TIME, HOURS 

Fic. 1. Acetoin and carbon dioxide produced by incubation of 
pyruvate with thiamine at pH 8.9. 40°. O, @, triethanolamine- 
buffered; A, borate-buffered. O, A, 0.2 Mm pyruvate + 0.02 u 
thiamine; @, 0.4 Mm pyruvate + 0.01 m thiamine. Curve A, car- 
bon dioxide evolved after acid treatment. Curves B and (, ace- 
toin (X 2) without acid treatment. Curve D, acetoin (X 2) after 
acid treatment to decarboxylate acetolactate. 


pyruvate, thiamine, and acetaldehyde, all present initially, was 
incubated for a total of 30 minutes. The amount of acetoin 
(solid bar, Fig. 2) formed in sample C far exceeded that in samples 
A and B combined. Apparently an intermediate accumulated 
during the first 30 minutes in sample C. When acetaldehyde 
was added some of the intermediate reacted with it to give 
acetoin directly. In sample A the small amount of acetoin 
formed came indirectly through decarboxylation of acetolactate, 
whereas in sample B a relatively small amount of acetoin formed 
because the intermediate had to accumulate before condensation 
with acetaldehyde could take place. 

The relative efficiencies of pyruvate and acetaldehyde as “‘ac- 
ceptors”’ for the intermediate can be judged roughly by the 
amounts of acetolactate (0.05 mm) and of acetoin (0.80 mm) 
formed during the last 30 minutes of incubation of sample C. 
The acetolactate value was calculated by subtracting the sum 
of solid bar C and lined bar A from lined bar C in Fig. 2. The 
acetoin value was taken as just equal to solid bar C since little 
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Fig. 2. Reaction of acetaldehyde with accumulated interme- 


diate. All samples contained 0.2 mM pyruvate, 0.04 w thiamine, 
and pyrophosphate buffer, pH 9 2, and were incubated for 30 or 
60 minutes at 40°. Acetoin was measured directly as well as 
after acid treatment to decarboxvlate acetolactate. A, 30 min- 
utes, with no acetaldehyde; B, 30 minutes, with 0.2 mw acetalde- 
hyde; C, 60 minutes, with acetaldehyde (to give 0.2 m) added at 
30 minutes. 
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Fic. 3. pH dependence of acetoin formation catalyzed by thi- 
amine and by 3-benzyl-5-(2-hydroxyethy]l)-4-methylthiazolium 
chloride. Pyruvate (0.2 m) and catalyst (0.02 m) were incubated 
at 40° for 2 hours and the acetoin measured after acid treatment. 
O, @, thiamine; A, A, 3-benzyl analog; O, triethanolamine 
buffers; A, pyrophosphate buffers; @, A, no buffer added. 


acetoin per se is produced in 1 hour without acid treatment and 
acetaldehyde alone as a substrate gives very little acetoin. These 
values show that acetaldehyde is much superior to pyruvate as 
an “acceptor.”” A strikingly analogous behavior has been dem- 
onstrated for pyruvic acid oxidase preparations from pigeon 
breast muscle by Juni and Heym (19). 

The kinetically detectable intermediate is probably a de- 
carboxylated compound of thiamine with pyruvate, 7.e. a thi- 
amine-acetaldehyde compound. It could equally well be a 
thiamine-acetolactate compound in equilibrium with the thia- 
mine-acetaldehyde compound. We felt that it might be possible 
to break the intermediate down to acetaldehyde by treating with 
acid. However, repeated attempts to obtain acetaldehyde by 
either acid or base treatment have failed. At most, less than 1 
to 2 per cent of the intermediate has been obtained as acetalde- 
hyde. 

Effect of Borate—The rates of carbon dioxide production and of 
acetoin plus acetolactate formation are nearly identical in borate 
buffer, pH 8.9, and in triethanolamine buffer, pH 9.0 (the lag is 
somewhat more pronounced in the former). However, in borate 
buffer acetoin is the major product and a relatively small amount 
of additional acetoin is formed upon acid treatment (Fig. 1) 


TABLE I 


Temperature dependence of average pK of thiazolium ring-opening 
and pH optima for acetoin production 


Temperature pH optima 


9 

20 
25 9. 
Thiamine 30 91 
35 
40 8 

3-Benzy]-5-(2-hydroxyethyl)- 40 
4-methy] thiazolium chloride 
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whereas in triethanolamine buffer or unbuffered solution aceto- 
lactate is the major product. Boron, 0.05 gm. atoms per liter, 
suffices to give the maximal yield of acetoin. The following 
experiments with freshly prepared acetolactate show that this 
compound is quickly decarboxylated in borate buffer at pH 8.8. 

Acetolactate solutions when prepared by careful addition of 
base at 0° under nitrogen to ethyl a-methyl-a-acetoxyvaceto- 
acetate gave a color yield in the acetoin test of only 4 to 6 
per cent of that given by the same number of moles of acetoin. 
Hither 4 to 6 per cent of the compound is decarboxylated during 
hydrolysis or acetolactate actually gives a small amount of color 
in the test. When such an acetolactate solution is decarboxy- 
lated by incubation at 40° at pH 2, 93 to 99 per cent of the 
theoretical acetoin is produced. When the acetolactate is in- 
cubated at pH 8.8 to 9, a slow production of acetoin is observed 
in triethanolamine buffer and a much more rapid one in borate 
buffer. In the latter case the reaction of 1 mM acetolactate is 
nearly complete in 1 hour. Surprisingly, the final yield of acetoin 
from borate decarboxylation is only 49 to 56 per cent of theory, 
If, after prolonged (2 hour) incubation in borate buffer, acid is 
added, 90 to 92 per cent of the theoretical acetoin is recovered. 
Apparently in the borate buffer some of the acetolactate is con- 
verted to a form resistant to decarboxylation by borate but which 
can be decarboxylated by acid. 

Effect of Metal Salts—Thiamine diphosphate-requiring enzymes 
also require divalent metal ions for activity. However, no effects 
on the rate of acetoin production in the model system could be 
detected with Ca, Mg, Co, Fe+++, Mn, Al, or Cd salts. A 
slight stimulation of acetoin production in triethanolamine buf- 
fer was caused by Pbt++ and Sn*+* salts. It was later shown that 
these salts, like borate, act to decarboxylate catalytically any 
acetolactate formed. 


=) 
CH, H CH, H CH, 
CH, CH, CH, 
" OH” 
HOS, K, K, 
I I 


pH and Temperature Dependence—F ig. 3 shows the variation 
with pH of the amount of acetoin plus acetolactate produced in 
2 hours at 40° in triethanolamine buffer. The rate was maximal 
at pH 8.9 (40°) and was insignificant below pH 7.5. The pH 
values were measured at 25° and were found to be about 0.2 
units higher than when measured at 40°. The pH optimum is 
very close to the pK (average of pK» and pKs3), for the conversion 
of the thiazolium ion form of thiamine I to the pseudo-base and 
thiol forms IT and III. 

We have measured the average pK as a function of tempera- 
ture (see Table I) and find an almost linear dependence between 
15° and 40°. Watanabe and Asahi (20) have published a some- 
what different dependence. The value at 40° is 8.96. Mizuhara 
et al. (2) found from data involving the addition of one, two or 
three equivalents of base per equivalent of thiamine! that the 
greatest acetoin yield came from the two to one ratio sample. 


1 The pH values reported for these samples are curiously low, 
being 5.8, 8.4, and 9.2 respectively. 
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From these data, Mizuhara concluded that the pseudo-base II 
is the catalytically active form of thiamine. Its concentration 
will be maximal at the pK,,.. 

However, the observed pH dependence does not rule out other 
forms of thiamine as the catalytically effective ones. For ex- 
ample, if a thiazolium dipolar-ion is the catalytically active form 
(see “Discussion” in reference 21) as proposed by Breslow (22), 
its concentration will also be maximal at the pK,,,. 

Fig. 3 shows also the pH dependence of the same reaction 
catalyzed by a 3-benzy! analogue of thiamine. The average pK 
of this compound is 9.6 at 40° and the maximal rate is again 
very close to this pK. This compound is discussed further in an 
accompanying paper (21). 

Increasing the temperature increases the reaction rate but 
above 50° the advantage is small because of the more rapid 
destruction of thiamine. Therefore we have used either 40 or 
50° in our experiments. 
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SUMMARY 


Thiamine catalyzes the decarboxylation of pyruvate to acetoin, 
a-acetolactate, and small amounts of unidentified products in 
slightly basic solutions. No significant amount of acetaldehyde 
is formed. 

Carbon dioxide evolution begins immediately but acetolactate 
and acetoin appearance exhibit a characteristic lag. The kineties 
are approximately those of two consecutive first order processes. 

An intermediate accumulates which is capable of reacting with 
acetaldehyde to yield acetoin. The intermediate cannot be con- 
verted to acetaldehyde by acid or base treatment. 

Most metal salts are without effect on the reaction. 
catalyzes the decarboxylation of a-acetolactate. 

The pH optimum is appreximately 8.9 at 40°. 

The temperature dependence of the equilibrium constant for 
the thiazolium ring-opening reaction has been measured. 


Borate 
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Decarboxylation of Pyruvate by Thiamine Analogues* 


G. Yountt anp Davin E. METZLER 


From The Department of Chemistry, Iowa State College, Ames, Towa 


(Received for publication, September 9, 1958) 


Thiamine catalyzes the nonenzymic decarboxylation of pyru- 
vate to a-acetolactate and acetoin (1—4) in mildly basic aqueous 
solution. In order to study the mechanism of this reaction we 
have tested a number of thiamine analogues as catalysts. Bres- 
low (5) has reported some very similar results which we confirm. 


EXPERIMENTAL 


Sources of Compounds Tested—Thiamine hydrochloride 
(Merck, U.S.P. grade), O-acetylthiamine hydrochloride and 
oxythiamine dihydrochloride (California Foundation for Bio- 
chemical Research), pyrithiamine hydrobromide and 4-amino-5- 
aminomethyl]-2-methy! pyrimidine dihydrochloride (Nutritional 
Biochemicals Corporation) were all used without further purifica- 
tion. For determination of pK, values, the 4-amino-5-amino- 
methy]-2-methyl pyrimidine dihydrochloride was recrystallized 
from ethanol and ether until it gave the theoretical end point 
when titrated with base. 

5-(2-Hydroxyethyl)-4-methy! thiazole was redistilled from 
pooled commercial products of Merck! and du Pont. The boil- 
ing point was 108°,0.8mm. _ Infrared inspection of the redistilled 
product showed the loss of a strong carbonyl peak which was 
originally present. The purified product was stored in a desicca- 
tor at —20° to hinder oxidation. 

Salts of 5-(2-Hydroxyethyl)-4-methyl Thiazole—The method of 
Clarke (6) was employed to prepare the 3-methyl and 3-benzy] 
(7) and the 3-0-, m-, and p-nitrobenzyl (8) salts. 

The 3-a-methylbenzyl salt was prepared by dissolving 0.04 
mole each of a-bromoethyl benzene (Eastman, redistilled 89°, 
15 mm.) and 5-(2-hydroxyethyl)-4-methy] thiazole in 4 ml. of 
thiophene-free anhydrous benzene in a stoppered 18 X 150-mm. 
test tube. The solution was heated overnight at 55°. The a- 
methylbenzyl salt separates as a light yellow syrup. Attempts 
to crystallize this compound from a number of solvent systems 
were all unsuccessful. During crystallization attempts in hot 
absolute ethanol the salt was partially solvolyzed to the pyrimi- 
dylmethy] ethyl ether and 5-(2-hydroxyethyl)-4-methy] thiazole 
hydrobromide. The absorption spectra in both acid and base 
and the titration behavior very closely paralleled those 
of the 3-benzyl] salt. These properties plus the method of prep- 
aration leave little doubt as to the character of the product. 

The 3-cyanomethy] salt was prepared in a similar manner from 
chloroacetonitrile (Eastman white label, redistilled 24°, 27 mm.) 
and 5-(2-hydroxyethy])-4-methyl thiazole. The solution was 
heated at 80° for 3 days, the benzene supernatant was discarded, 


* Journal Paper No. J-3470 of the lowa Agricultural and Home 
Economics Experiment Station, Ames, lowa, Project No. 1259. 
A preliminary report appeared in Federation Proc., 17, 341 (1958). 

t Procter and Gamble Fellow; Summer 1957. 

! Donated by Dr. Karl Folkers of Merck and Company, Inc. 


and the red resinous layer which remained was triturated twice 
with anhydrous ethyl ether to remove as much as possible of 
the starting materials and benzene solvent. The gummy mass 
remaining was dissolved in 25 ml. of absolute ethanol] and was 
treated twice with about 0.5 gm. of charcoal (Darco). Anhy- 
drous ethyl ether was added to the point of incipient turbidity 
and the solution cooled overnight at 2°C. The dense bright 
yellow crystals were collected and washed with cold ethanol and 
ethyl ether (50:50). The yield after recrystallization was 3.2 
gm., m.p. 132-133°. Repeated recrystallization, charcoal treat- 
ment, and chromatography on Dowex 50-X4 exchange resin with 
0.2 n HCl as the developing solvent failed to remove the yellow 
color. However, the ultraviolet absorption spectrum was typi- 


cal of a thiazolium compound in both acid and basic solution — 


and exhibited negligible absorption above 300 mu. 
CsH1:,CIN2OS 


Calculated: C 44.54, H 5.14, Cl 16.22, N 12.99 
Found: C 43.93, H 5.07, Cl 15.9, N 12.81 


Surprisingly, the infrared spectrum does not contain a cyanide 
peak in the region of 4.5y. 

O - Heterothiamine (3 - [(4 - amino - 2- methyl -5-pyrimidiny])- 
methy]]-5-(2-hydroxyethy]l)-4-methyloxazolium chloride) was 
generously give to us by Dr. John F. Codington of the Sloan- 
Kettering Institute for Cancer Research. 

3-[(4-Amino -2- methyl -5 - pyrimidinyl) - methyl] - 4 - methyl Oxa- 
zolium Bromide—4-Methy] oxazole was prepared by the method 
of Cornforth and Cornforth (9). 4-Methyl oxazole (0.02 mole) 
was dissolved in 3 ml. of freshly distilled n-butanol and heated 
to 95-100°. 4-Amino-5-bromomethyl-2-methyl pyrimidine di- 
hydrobromide (0.067 mole, Merck, technical grade) was added 
in small portions and mixed well. The test tube was tightly 
stoppered and heated for 30 minutes more at 125° with shaking 
at 4 to 5 minute intervals. The solution was cooled and the 
crystals which formed were collected and washed with butanol 
and then ether. The crystals were dissolved in a minimal 
amount of water, 95 per cent ethanol was added to the point of 
incipient turbidity, and the solution was cooled to 2° for 2 days. 
The resultant crystals were collected, washed, and recrystallized 
to yield 0.23 gm. of small, light tan crystals which melted with 
decomposition at 235°. 


Ci, oH .BreN,O 


Calculated: C 32.88, H 3.86, N 15.3, Br 43.66 
Found: C 32.84, H 4.04, N 15.3, Br 43.7 


Dihydrothiamine and tetrahydrothiamine were prepared by 
the borohydride reductions of thiamine described by Bonvicino 
and Hennessy (10). 
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3-(3-Aminopropyl)-4-methyl thiazolium chloride and 3-(4- 
aminobutyl)-4-methy] thiazolium chloride were from the collec- 
tion of the late R. R. Sealock and were prepared by Sarver (11) 
using the method of Clarke (6). 

Testing Procedure—The compounds were tested by incubation 
with sodium pyruvate in evacuated Thunberg tubes at 50° in 
borate or pyrophosphate buffers as previously described (4). 
Acetoin was then measured, usually without acid treatment (7.e. 
acetolactate present was not decarboxylated). 

Accurate estimates of relative catalytic activity are especially 
difficult with the poorer catalysts. Because of the pronounced 
lag in acetoin production the amounts of acetoin measured are 
very small. Fortunately the acetoin color test is very sensitive 
though its accuracy is diminished by the presence of large 
amounts of thiazolium compounds (4). More vexing is the prob- 
lem of high blanks. Sodium pyruvate and thiamine itself both 
cause a very small amount of color. The color from thiamine 
may arise by hydrolytic breakdown to the ketol CH;COCHOH- 
CH.CH-,OH which would probably give the color test. The re- 
lated thiol is a known degradation product of thiamine (12) and 
might also yield some color. The methyl] thiazolium salt (3,4-di- 
methyl-5-(2-hydroxethy]) thiazolium chloride) appears to break 
down in the same way. Since it is a much less active catalyst 
than thiamine, the blanks become a serious problem. At pH 9 
or below these blanks were negligible, but above 9 they increased 
rapidly. 

lf the sulfur of thiamine is replaced by oxygen, the resulting 
oxazolium salt (O-heterothiamine) decomposes gradually to a 
color-yielding material. The formation of the previously men- 
tioned ketol should occur readily in this compound. An accurate 
estimate of its catalytic activity was therefore impossible. How- 
ever, no such interference was observed with the 4-methy] oxa- 
zolium analogue of thiamine. 


RESULTS AND DISCUSSION 


One of the better catalysts studied is the benzyl analogue 
of thiamine, 3-benzyl - 5- (2- hydroxyethyl) -4-methylthiazolium 
chloride (VIII, Table I). As with thiamine (I) catalysis, a char- 
acteristic lag in acetoin production is observed. Because of this 
lag, the relative catalytic activities of two compounds cannot be 
compared by simply measuring the amounts of acetoin produced 
in a given length of time. Thus in 1 hour in borate buffer thia- 
mine catalysis produces 7 times as much acetoin as that of the 
benzyl analogue at the same pH; in 3 hours it is only 3.5 times 
as much. It is more proper to compare the lengths of time re- 
quired for the production of a certain concentration of acetoin 
under specified conditions. Thus with the benzyl analogue the 
time required to produce any amount of acetoin in pH 8.8 borate 
buffer at 50° is always 2.6 times that required with thiamine as 
catalyst. If the amounts of acetoin produced by action of the 
benzyl analogue are plotted against heating time divided by 2.6, 
the points fall on the curve of acetoin versus time for thiamine 
catalysis (Fig. 1). Thus we conclude that the benzyl analogue 
is 1/2.6 times as active as thiamine at this pH. 

Similarly we can conclude that the rate of production of acetoin 
by thiamine at 50° is just 3 times as fast as at 40° (Fig. 1). 
Apparently temperature and catalyst structure influence the 
rate in similar ways. 

The activities of a series of other catalysts have also been 
measured. The activities relative to that of thiamine are sum- 
marized in Table 1. 
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The results show that in nonenzymic catalysis of acetoin forma- 
tion the thiazolium group of thiamine must be the site of inter- 
action with pyruvate. The 3-methyl thiazolium analogue (X) 
is slightly active and the 3-benzyl analogue (VIII) is 38 per cent 
as active as thiamine. On the other hand, pyrithiamine (III) is 
completely inactive despite the fact that the aminopyrimidine 
group and the quarternary nitrogen are present as in thiamine. 
These results are in agreement with those of Breslow (5, 13). 
Another possible site of interaction with thiamine, the methylene 
bridge, has been ruled out by work of Fry et al. (14) and Breslow 
(13). Breslow has furthermore provided convincing evidence in 
favor of the thiazolium dipolar ion XVIII 


CH; CH.CH:OH 
XVIII 


as an intermediate in the reaction with pyruvate (13, 15). Some 
further support is lent to Breslow’s suggestion by the inactivity 
of 3-benzyl-, phenyl-, and allyl-2,4-dimethyl thiazolium salts 
(Downes and Sykes, 16) and of 3-benzyl-2,4-dimethyl thiazolium 
bromide in catalysis of the furoin condensation (Ugai et al., 17). 
We have previously reported (18) that the 2,4-dimethyl thi- 
azolium analogue of thiamine (V) is also inactive. However, we 
have not obtained this compound in a satisfactory state of purity, 
and this result must be regarded as tentative. — 

According to the Breslow mechanism the a-methylbenzyl 
analogue of thiamine (IX) might be anticipated to be an active 
catalyst. There may be two reasons for its inactivity. First, 
the addition of the methyl group on the methylene bridge may 
facilitate the solvolysis of the compound at the quaternary 
nitrogen so that the molecule splits before it has a chance to con- 
dense with pyruvate. Secondly, the additional methyl group 
may sterically hinder the attack of the dipolar ion on pyruvate, 
although scale models seem to indicate that this hindrance should 
not be great. 

In addition, the series of o-, m-, and p-nitrobenzyl analogues 


ACETOIN, MILLIMOLES PER LITER 


1.0 LS 20 
TIME, HOURS 


Fig. 1. Acetoin production versus time for two catalysts. Py- 
ruvate (0.2 M) plus catalyst (0.02 m) incubated at pH 8:8 to 9, 
borate buffer. @, Thiamine as catalyst, 50°; O, thiamine 40°, 
time divided by 3.0; A, 3-benzyl-5-(2-hydroxyethyl)-4-methyl 
thiazolium chloride, 50°, time divided by 2.6. 
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TaBLeE 
Relative activities in catalysis of pyruvate decarborylation to acetoin 


| Relative 
Catalyst activity 
pH 8.7-9.0 
| 
I. NH, | 
pt rd 
Thiamine CH; CH:CH:OH- 
III. Pyrithiamine, 


-2- 
methyl pyridinium bromide.............. 0 
IV. Oxythiamine, 3-[(4-hydroxy-2-methyl-5-py- | 
-4- 
methyl thiazolium chloride............... 


Trace (20 at 

pH_ 10.2) 

V. - 

methy]]-2,4-dimethyl thiazolium bromide. 0)? 

VI. O-Heterothiamine, 3-{(4-amino-2-methyl-5- 
- 


4-methyl oxazolium chloride.............. 0 
VIL. 3-[(4-Amino-2-methyl-5-pyrimidiny]) - | 
methyl]-4-methyl oxazolium bromide...... 0 
VIIL. 3-Benzyl-5-(2-hydroxyvethyl)-4-methyl  thi- | 
IX. 3-a-Methylbenzyl-5-(2-hydroxvethyl) -4- 
methyl thiazolium chloride...............! 0 
X.  thia- 
XI. 3-Cyanomethyl-5-(2-hydroxyethy]) -4- 
methyl thiazolium chloride............... 5 
XII. 3-0, m, -4- 
methyl thiazolium chlorides.............. Trace 
XIII. 3-(3-Aminopropy])-4-methyl thiazolium 
XIV. 3-(4-Aminobutyl)-4-methy! thiazolium chlo- 
XV. Dihydrothiamine............ | 0 
XVII. 4-Amino-5-aminomethyl-2-methyl pyrimi- 


(XII) and the y- and 6-aminoalkyl analogues XIII and XIV 
theoretically should work as catalysts. However, it is apparent 
from the color of the reaction mixtures that these compounds 
are not stable under the test conditions and little can be said 
about their catalytic activities. 

As would be expected from Breslow’s mechanism, reduction of 
the carbon-nitrogen double bond of the thiazolium ring causes 
complete loss of activity (dihydro- and tetrahydrothiamine). 
Two compounds in which the sulfur of the thiazolium ring is re- 
placed by oxygen (oxazolium salts) were tested. One of these 
(O-heterothiamine) is otherwise identical with thiamine; the 
second (VII) lacks a group on C-5 of the thiazolium ring. Both 
compounds appear to be completely inactive as catalysts al- 
though the result with O-heterothiamine was obscured by its 
decomposition (see section on testing procedure). The inactivity 
of oxazolium salts probably results from their reaction with base 
to form inactive pseudo bases. Titrations indicate that this 
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occurs at a low pH with a pK, of about 5.8 for both of the 
oxazolium compounds (K = [H*] [pseudo base]/[oxazolium ion)}). 

The large difference in activity between the 3-methyl and 
3-benzyl salts (X and VIII) issurprising. Breslow (13) suggests 
that the difference in inductive effects of the methyl and benzy] 
groups is responsible. As evidence Breslow compares the pK, 
of methyl amine (10.6) with that of benzyl amine (9.3). We find 
the pK, of the aminomethy! group of 4-amino-5-aminomethy]-2- 
methyl! pyrimidine (XVII) to be 8.4.2 Thus the inductive effect 
of the aminopyrimidine group in lowering the basicity of the 
aminomethy! group is even greater than that of a benzene ring, 
and thiamine is correspondingly more reactive than the benzyl] 
analogue. However, the relationship is not really quantitative. 

If the rate of reaction is governed by the extent of formation 
of the dipolar ion XVIII, the rate should be a maximum at the 
pK (average) of the thiazolium ring-opening reaction. This has 
been shown to be the case with thiamine and with the benzyl 
analogue (VIII) (4). The methyl thiazolium salt (X) could not 
be tested at its high pK value because of decomposition. The pK 
values for the ring-opening reactions of the three compounds, 
thiamine, the benzyl (VIII), and methyl (X) thiazolium salts at 
25° are 9.25, 9.9, and 10.2, respectively. Thus, the effect of re- 
placing a hydrogen on the N-methyl group of compound X with 
a phenyl or aminopyrimidy! group is to shift the optimal pH for 
reaction to a lower value. 

At pH 8.7 to 9.0 the benzyl and methyl compounds exist almost 
completely in the thiazolium form but thiamine has been half 
converted to the inactive thiol form. A truer comparison of ac- 
tivities could be made at a pH of 8 or below where thiamine is 
over 99 per cent in the thiazolium form. We would expect thia- 
mine to be about 5 times as active as the benzyi compound under 
these conditions. Thus one function of the aminopyrimidine 
group of thiamine may be to permit efficient catalysis in the 
physiological pH range. 

Oxythiamine (IV), in which the amino group of thiamine has 
been replaced by a hydroxyl, is almost inactive at pH 8.4 to 8.9 
as reported by Breslow (13). However, at pH 10.2 it has 20 
per cent of the activity of thiamine. The pH for the ring-open- 
ing reaction is about 10.6. Titration of oxythiamine indicates 
that the oxypyrimidine group dissociates with a pK of about 8.2. 
Thus, under our test conditions the pyrimidine ring bears a 
negative charge and we would anticipate a marked decrease in 
reactivity at C-2 of the thiazolium group and the observed in- 
crease in the pK of the ring-opening reaction. Downes and 
Sykes (16) have attributed the low activity of oxythiamine to an 
actual hydrogen bond between the oxygen on the pyrimidine 
ring and C-2 of the thiazolium ring. However, it is unnecessary 
to postulate this unique hydrogen bond. There is also a pos- 
sibility that the oxygen adds intramolecularly to the thiazolium 
ring as does the amino group of thiamine at a higher pH (7). 


SUMMARY 


1. A number of thiamine analogues have been synthesized and 
tested for catalytic activity in converting pyruvate to acetoin. 
The thiazolium ring is necessary for catalytic activity, but the 
pyrimidine ring is not. 

2. Oxazolium salts, a 2,4-dimethyl thiazolium analogue of 


2 The pKa value for the amino group attached directly to the 
ring in position 4 is 5.4. The change in the ultraviolet spectrum 
accompanying this first dissociation confirms that the 4-amino 
group is involved. 
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thiamine, pyrithiamine, dihydrothiamine, and tetrahydrothia- thiazolium salts are discussed. The results are in harmony with 
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Studies on the Biosynthesis of Glucosamine in the Intact Rat 


RoBeErtT G. Sprro* 


From the Department of Biological Chemistry, Harvard Medical School, Boston, Massachusetts 


(Received for publication, October 17, 1958) 


Little is known about the biosynthesis of glucosamine in mam- 
malian organisms. Previous studies have indicated the presence 
of enzymes in several mammalian tissues capable of synthesizing 
glucosamine (1, 2). Moreover, there is evidence that glucose, 
without scission of its carbon chain, may serve as the precursor 
of glucosamine in the intact animal (3, 4), as in bacteria (5, 6). 
However, except for studies on the mucopolysaccharides of skin 
(7, 8), no information is available on the rate of turnover of 
glucosamine in mammalian tissues. It would be of special in- 
terest to have information concerning the rate of turnover and 
the site of synthesis of the serum glucosamine, which is pres- 
ent in large concentrations and is apparently entirely protein- 
bound. Asa major carbohydrate component of the serum gly- 
coproteins, it undergoes wide fluctuations in concentration in 
a variety of physiological and pathological states (9). 

In the present study a comparison was made of the incorpora- 
tion of radioactivity from glucose-C™ into the protein-bound 
glucosamine of various tissues of the intact rat. Of the tissues 
studied, liver and serum showed the most rapid synthesis of glu- 
cosamine from glucose, and a detailed analysis of the turnover 
of glucosamine in both of these tissues was made. Evidence is 
also presented that the liver is the primary site of synthesis of 
the serum glucosamine. 


EXPERIMENTAL 


Animals—Male albino rats of the Wistar strain, weighing 
between 235 and 300 gm., were used. All animals were fed 
Purina chow ad libitum before as well as during the experiment, 
up to the time of death. Each animal received a single in- 
traperitoneal injection of 10 to 15 ywe. of uniformly labeled glu- 
cose-C' (2.08 ue. per mg.) in 2 ml. of 0.85 per cent sodium 
chloride. At various time intervals before death 0.2 ml. of 
blood was taken from the tail vein of each rat without anesthesia 
for the purpose of determining the blood glucose specific ac- 
tivity. The animals were killed at varying time intervals ranging 
from 45 minutes to 48 hours after the injection of the glucose- 
C'. They were anesthetized lightly with ether and exsan- 
guinated from the inferior vena cava. Various organs were 
then excised and placed on ice. 

Isolation of Glucosamine and Glycogen from Tissues—The 
method to be described for the separation of the protein-bound 
glucosamine from the liver was also used to obtain the glucos- 
amine of the kidneys, lungs, testes, and spleen. In the case of 
the liver, the abundant amount of glycogen present was also 
isolated for the purpose of determining its specific activity. The 


* Aided by a Postdoctoral Fellowship Grant from the American 
Cancer Society. Present address, The Robert W. Lovett Memo- 
rial Laboratories, Massachusetts General Hospital, Boston, Mas- 
sachusetts. 


liver was divided into portions weighing a maximum of 5 gm., 
and each portion was treated separately throughout the follow- 
ing procedure. 

The tissue was minced with scissors and then homogenized 
for about 4 minutes in 7 per cent ice-cold trichloroacetic acid 
(5 ml. per gm. of tissue). The homogenate was then centrifuged 
and the precipitate re-extracted twice more with trichloroacetic 
acid in a similar manner. The liver extracts were pooled and 
saved for the isolation of glycogen. The trichloroacetic acid 
precipitate was then suspended in 0.3 wn trichloroacetic acid 
(3 ml. per gm. of tissue), heated in a capped centrifuge tube in a 
boiling water bath for exactly 8 minutes, and then rapidly cooled 
in an ice bath. Under these conditions, no glucosamine was 
released from the protein precipitate, although about 8 umoles 
of anthrone-positive material per gm. of liver, which probably 
represent residual glycogen as well as weakly bound hexoses, 
were released. After this, the residue was separated by centrif- 
ugation, washed once more with cold 0.3 N trichloroacetic acid, 
and then washed with 95 per cent ethanol (6 ml. per gm. of tis- 
sue) in order to remove the trichloroacetic acid. The residual 
ethanol was removed from the precipitate over a steam bath. 
The dry material was then transferred to a 25-ml. glass-stop- 
pered Pyrex volumetric flask and hydrolyzed for 10 hours in 3 
n HCl (3 to 4 ml. per gm. of tissue) in a boiling water bath in 
order to release the glucosamine. After the hydrolysis the flask 
was made up to volume with water and the hydrolysate was 
filtered. A measured amount of the filtrate was then concen- 
trated to dryness three times in a vacuum at 45° in order to 
remove most of the HCl. Columns of Dowex 50-X4 cation ex- 
change resin (200 to 400 mesh) in the hydrogen form were pre- 
pared. The resin was washed according to Boas (10), and 20 
ml. of a 1:1 weight per volume suspension of the resin in water 
were placed into a glass column of 1.6-cm. internal diameter. 
The residue obtained upon concentration of the hydrolysate was 
taken up in about 15 ml. of water and quantitatively transferred 
to one of these columns in order to separate the remaining 
neutral sugars from the glucosamine. The column was then 
washed with about 1300 ml. of distilled water, after which the 
glucosamine was eluted with 2.0 N HCl. The first 7 ml. of the 
eluate contained no amino sugar and were discarded. All of 
the amino sugar was recovered in the next 10 ml. of eluate. The 
hydrolysate was completely decolorized by passage through the 
Dowex column. With the above procedure less than 8 per cent 
of the tissue amino acids was present in the collected eluate. 

In order to separate the glucosamine from the remaining amino 
acids and to form a derivative suitable for determining the radio- 
activity, the glucosamine was converted to the glucose phenylosa- 
zone (11). In the case of liver, which had been divided into 
5-gm. portions up to this point, the Dowex 50 eluates were 


742 


| 
| 
f 
te 
d 
f 
a 
fi 
a 
by 
al 
(1 
(1 
m 


V- 


April 1959 


combined and concentrated in a vacuum and made up to a vol- 
ume of 10 ml. The glucosamine of the other tissues was present 
in the 10-ml. of eluate collected from a single column. An aliquot 
was taken for the determination of the glucosamine, and a maxi- 
mum of 20 umoles of carrier glucosamine was added to the re- 
mainder. In the case of the liver, since there were already about 
20 umoles of glucosamine present in the eluates, there was only 
very slight dilution of radioactivity by the carrier. The phenyl- 
osazone was formed in 12 ml. of an acetate buffered solution (1.2 
m sodium acetate: 0.4 M acetic acid) containing 1 mmole of phen- 
ylhydrazine hydrochloride and about 40 umoles of glucosamine in 
capped centrifuge tubes, by heating for 11 hours in a boiling wa- 
ter bath. The osazone was then allowed to crystallize in the 
cold. It was washed four times with water and recrystallized 
from 50 per cent ethanol. Further recrystallization resulted in 
no change in specific activity. With this procedure a yield of 
50 to 55 per cent was obtained after washing and recrystalliza- 
tion. Shorter periods of heating such as have been used for the 
formation of the phenylosazone from glucose directly (12) re- 
sulted in very poor yields, e.g. 20 per cent in 2.5 hours. The 
osazones formed from the tissue eluates decomposed at about 
204°, as did the osazones formed from pure glucose or glucosa- 
mine. 

The liver glycogen was precipitated from the pooled cold 
trichloroacetic acid extracts by the addition of 1.2 volumes of 
95 per cent ethanol. It was washed with 70 per cent ethanol 
and then hydrolyzed for 2.5 hours in 1 N H2SO, in a boiling water 
bath. The hydrolysate was neutralized and an aliquot taken 
for the determination of the glucose released. ‘To determine the 
specific activity, the remainder was used for the preparation of 
the glucose phenylosazone under the same conditions as for the 
glucosamine, but with heating for a period of only 2.5 hours. 

Isolation of Glucosamine and Glucose from Blood—The blood 
collected from the animal at death was permitted to clot and 
about 3 to 4 ml. of serum were obtained. The serum proteins 
were precipitated by the addition of 15 volumes of 95 per cent 
ethanol and washed three times with 15 volumes of 95 per cent 
ethanol each time to remove the free serum glucose. After 
this, the ethanol was removed by evaporation on a steam bath, 
and the precipitate was hydrolyzed and passed through a Dowex 
50 column in a manner identical to that described for liver and 
the other tissues. Similarly, the glucose phenylosazone was 
formed for the purpose of determining the radioactivity of the 
glucosamine. 

The supernatant fluid from the ethanol precipitation of the 
serum proteins, which contained the free glucose, was evaporated 
to dryness in a vacuum desiccator. The solid material was 
dissolved in 10 ml. of water and a Somogyi filtrate (13) prepared 
from it. The 0.2-ml. samples of tail blood taken before the 
animals were killed were added to 4 ml. of water and the Somogyi 
filtrates were prepared. These filtrates were used for the analy- 
sis of glucose and the formation of the glucose phenylosazone 
after the addition of 10 mg. of carrier glucose. 

Analyses—Glucose from glycogen and blood was determined 
by the Nelson-Somogyi method (14, 15). Total hexoses, except 
amino sugars, were determined with the anthrone reagent of Roe 
(16). The total hexosamines were determined on the Dowex 
50 eluates by the Boas modification of the Elson-Morgan method 
(10). The percentage of glucosamine and galactosamine in a 
mixture of the amino sugars was determined according to the 
method of Roseman and Daffner (17), except for the following 
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modifications. Because of the large concentration of nonhexos- 
amine nitrogen in the Dowex eluates, the formation of the 
N-acetyl derivatives of the amino sugars was carried out by 
increasing the amount of acetic anhydride added to each tube 
to 0.15 ml. of a 12.5 per cent solution (volume for volume). 
The pH was maintained by the addition of 0.1 ml. of 4 N NasCOs, 
instead of the saturated NaHCO; used in the original method. 
The heating period following acetylation was increased to 5 
minutes. Because of the enhanced color formation obtained in 
the presence of borate buffer compared to carbonate buffer, 
chromogen formation was accomplished in the presence of 0.1 
ml. of 0.8 m borate buffer, pH 9.1 (18), with a heating period of 7 
minutes on a vigorously boiling water bath. 

Paper Chromatography—Descending chromatograms were run 
in several solvent systems on Whatman No. | paper in order to 
identify the sugars present in the eluates from the Dowex 50 
columns. In order better to identify the nature and proportion 
of the hexosamines present, they were converted to the cor- 
responding pentoses as well as to their N-acetyl derivatives, 
which were subsequently chromatographed. The amino sugars 
were converted to pentoses by reaction with ninhydrin as de- 
scribed by Stoffyn and Jeanloz (19). Because of the presence 
of relatively large amounts of amino acids, the ninhydrin was 
added in large excess as a 4 per cent ninhydrin solution in 2 per 
cent pyridine to the sugar sample dissolved in a 0.1 M citrate 
buffer (pH 4.7). This reaction mixture was deionized by passage 
through a mixed bed ion exchange column (Amberlite MB-3), 
concentrated in a vacuum, and the pentoses chromatographed. 

The N-acetyl derivatives of the amino sugars were prepared 
for chromatography in the same manner as for the colorimetric 
determination. Salts and amino acids were removed by passage 
through a mixed bed ion exchange column, followed by concen- 
tration ina vacuum, and chromatography of the N-acetyl deriv- 
atives on borate-treated paper as described by Cabib et al. (20). 

All sugars were located on the paper chromatograms by the 
silver nitrate method of Trevelyan et al. (21). In addition, the 
aniline phthalate reagent (22) was used for the location of pen- 
toses as well as hexoses, and amino sugars and their N-acetyl 
derivatives were specifically located with the Elson-Morgan 
method (23). 

Measurement of Radioactivity—The radioactivity of the glu- 
cosamine, as well as of the glucose from either blood or glycogen, 
was determined on the glucose phenylosazone derivatives plated 
on stainless steel planchets in a windowless gas flow proportional 
counter (24). The activity of the injected glucose was also 
determined on a sample converted to the glucose phenylosazone. 
All counts were adjusted to 5.0 x 10% ¢.p.m. (about 10 ue.) 
injected into a 250-gm. rat. 

Extensive studies were undertaken in order to exclude the 
possibility that the osazone formed from the glucosamine was 
contaminated with radioactivity from neutral hexoses, especially 
serum glucose and liver glycogen, or amino acids. As will be 
shown later, no neutral hexoses were present in the Dowex eluates 
by chromatographic analysis. However, in order to test this 
in a more sensitive manner, highly labeled glucose was added 
at varying steps of the isolation of the glucosamine from liver 
and serum. In the case of serum, no activity was present in the 
glucosamine derivative when radioactive glucose was added 
either to the serum before precipitation to simulate the free 
glucose or to the protein precipitate before hydrolysis to simulate 
protein-bound neutral hexoses. For liver, the amount of neutral 
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hexoses remaining in the tissue after the hot trichloroacetic acid 
extraction was determined to be 5 to 7 wmoles per gm., either by 
the anthrone reaction directly on the protein precipitate or from 
the Dowex 50 effluent and wash after a relatively mild hydrolysis 
(0.8 Nn HCl for 4 hours at 100°). Glucose in that quantity and 
with a specific activity much higher than that of the glycogen 
from any of the experiments was added to the protein precip- 
itate before hydrolysis. Under these conditions, no activity 
was present in the osazone from glucosamine. It must be pointed 
out, however, that if radioactive glucose in an amount equal to 
that present in the unextracted liver (about 250 uwmoles per gm.) 
was added to the precipitate before hydrolysis, some radioac- 
tive contamination resulted despite passage through a Dowex 
50 column. The removal of the glycogen before hydrolysis is 
therefore essential. The results of the experiments to be re- 
ported confirm these contamination studies, as the blood glucose 
and blood glucosamine activity changed in an inverse manner, 
and there was no correlation between liver glycogen and liver 
glucosamine activity. A mixture of highly radioactive alanine 
and serine was added to the protein precipitate before hydrolysis 
and also directly to the Dowex eluate before osazone formation 
with no resulting activity appearing in the glucosamine deriva- 
tive. 
RESULTS 


Identification of Amino Sugars—In order to identify the amino 
sugars and to determine whether any other sugars were present, 
the Dowex 50 eluates were chromatographed in a variety of 
systems. When the eluates from liver and serum were run in 
n-butanol-ethanol-water, 4:1:1, (40 hours) (19), only a single 
spot was found, corresponding to either glucosamine or galactos- 
amine. After treatment with ninhydrin, the two amino sugars 
could be well resolved as their pentose derivatives: arabinose, 
Retucose 1.37; lyxose, Reiucose 1.69. In the chromatograms of 
either serum or liver, only a single spot was present, correspond- 
ing to the arabinose standard or the glucosamine standard treated 
similarly with ninhydrin. Kidney and serum were chromato- 
graphed in a pyridine-ethy] acetate-water-glacial acetic acid sys- 
tem, 5:5:3:1, as described by Fischer and Nebel (25), in which 
the glucosamine standard migrated 28.2 cm. from the origin and 
the galactosamine standard, 25.3 cm. in 30 hours. For both 
tissues only a single spot corresponding to the glucosamine was 
observed. After acetylation, the eluates from liver and serum 
were chromatographed on borate-treated paper in ethy] acetate- 
pyridine-water, 2:1:2 (20) for 12 hours. In this system, the 
N-acetylglucosamine migrated 24.7 cm. and the N-acetylga- 
lactosamine standard, 20.2 cm. during that time. Again, only 
a single spot corresponding to N-acetylglucosamine appeared in 


TABLE I 
Glucosamine content of total protein-bound hexosamine in rat tissues 


The values are expressed as per cent of total hexosamine as 
determined by the differential colorimetric method. Difference 
between each value and 100 per cent represents the galactosamine 
fraction. 


Liver (14)* Serum (15) | Kidney (5) Lung (4) | Testes (2) 


95 
+4.0 


101 | 87 


96 | 
+4.1 | +6.8 +9.1 | 


Standard error. +4.9 


* The figures in parentheses indicate the number of animals. 


Biosynthesis of Glucosamine 


Vol. 234, No. 4 


both tissues. This excludes the presence not only of protein- 
bound galactosamine in detectable amounts, but also of protein- 
bound mannosamine, of which the acetylated form has been re- 
ported by Comb and Roseman (26) to be clearly separable in 
this system. No other sugars were found in any of the chro- 
matographic analyses. 

When the protein-bound amino sugar composition of several 
rat tissues was analyzed by the method of Roseman and Dafiner, 
it was shown, in agreement with the chromatographic results, 
that liver and serum contained no significant amounts of galactos- 
amine (Table I). Moreover, only very small amounts of ga- 
lactosamine were present in the other tissues. One is there- 
fore well justified in referring to the amino sugar fraction of 
liver and serum as glucosamine. Moreover, the radioactivity 
measured in all of the tissues was due solely to glucosamine, since 
galactosamine in the small amounts present was found not to 
yield any galactosazone. 

An analysis of the cold trichloroacetic acid extracts showed 
that all except 10 to 15 per cent of the glucosamine of liver is 
protein-bound. In serum, moreover, all of the glucosamine was 
protein-bound and was precipitated with the high concentration 
of ethanol used. 

Incorporation of Radioactiwity into Liver and Serum Glucosa- 
mine—In Table II the specific activity and total activity of 
liver and serum protein-bound glucosamine are shown in rats 
killed at varying time intervals after the injection of a tracer 
dose of glucose-C', The highest activity in liver glucosamine 
is already reached in animals killed in 1.5 hours. Serum glucosa- 
mine specific activity, on the other hand, reaches its peak by 
3.75 hours. From the ratio of liver glucosamine specific activity 
to serum glucosamine specific activity (Table II), it may be 
seen that the serum is at first much less active than the liver, 
has about equal activity at 3.75 hours, and is more active than 
the liver at all times thereafter. This is graphically demon- 
strated in Fig. 1. It may be noted that there is little variation 
in the amount of glucosamine of the different livers. The serum 
protein-bound glucosamine pool was calculated from the glucos- 
amine level and an assumed serum volume of 4 per cent of body 
weight. 

Incorporation of Radioactivity into Liver Glycogen—In order to 
be able to compare the activity in liver glucosamine with a more 
familiar substance, the activity of liver glycogen at various times 
is shown in Table II. Contrary to the activity of the glu- 
cosamine, which is quite constant at any one time, the glycogen 
activity varies widely among animals even at the same time and 
shows no definite course with time. It may be noted that there 
is no correlation between the activity of the glycogen and that 
of the glucosamine. This is well demonstrated in Rat 15 (Table 
II) killed at 18 hours, which had a highly labeled glycogen, and 
yet showed the expected decline in the glucosamine activity. 

Incorporation of Radioactivity into Glucosamine of Other Tis- 
sues—The activity of the protein-bound glucosamine of several 
other organs at various times was also determined (Table III). 
It may be seen that none of these reaches the early high activity 
present in liver glucosamine. The spleen has the highest specific 
activity of these organs, possibly because of its large blood con- 
tent. 

Incorporation of Radioactivity into Glucosamine after Injection 
of Uniformly Labeled Fructose-C''—An attempt was made to 
study further the relationship of the liver and serum glucosamine 
by injecting with C-labeled fructose, which in the intact animal 
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TABLE II 
Radioactivity in liver glucosamine, serum glucosamine, and liver 
glycogen after glucose-C'* injection 
All counts adjusted to 5.0 X 10° ¢.p.m. injected into a 250-gm. 
rat. 


| | Liver Serum Liver 
| glucosamine glucosamine* Liver glycogen 
specific 
Rat | Time | 
cific |Quan- Total | cific | Total | specific ‘S Total 
activ- tityt activity activ- activity) activity activity 
ity ity 5S 
| pmoles 
hrs umoles c.p.m pod c.p.m c.p.m 
| | lents 
9 0.75 38.3 21.3 817 9.4. 472 4.05 | 2,650 1,950 
| 1.5 | 54.3. 20.6 1,130 21.9 1,092 2.48 | 2,470 | 44,800 
21. 1.5 56.8 19.7, 1,122 22.2 1,110 2.56 | 1,765 3,555 
24.1.5 60.2 20.3 1,220 22.0 1,100 2.73 1,920 15,050 
4 3.75 56.2 22.1, 1,242) 58.0 2,900 0.97 | 1,505 | 84,100 
13. 3.75 38.7 23.7 48.4 2,420, 0.80 | 1,400 3,500 
18 3.75 41.9 21.6 905 43.6 2,180, 0.96 | 2,350 | 14,320 
1 5.0 36.3 19.9 723 38.7 1,935, 0.94 | 1,810 | 10,720 
10 7.5 28.9 19.8 572) 35.3) 1,768 0.82 843 451 
14 12.0 23.3, 22.4 521, 32.0, 1,600, 0.73 1,045 1,755 
19 12.0 22.8 23.8 543) 29.0 1,450 0.79 738 «1,190 
25 12.0 23.7 528) 30.8 1,530 0.77 819 6,860 
15 18.0 18.1 21.5 389) 25.3 1,265 0.72 | 3,200 124,500 
16 30.0 12.9 24.5 317 16.6 830 0.78 649 364 
17 48.0 10.4 22.9 238 12.7) 635, 0.80 | 2,430, 1,555 
| 
23$) 3.75 70.3 22.3. 1,570 72.2 3,610 0.98 | 1,900 7,050 


* Mean serum glucosamine level: 4.99 + 0.20 uwmoles per ml. 
Total activity calculated from a mean pool of 50 wmoles per 250- 
gm. rat, with the serum volume assumed to be 4 per cent of body 
weight. 

+t Quantity refers to the total wmoles in the liver of a 250-gm. 
rat. 

t Fructose-C'! injected instead of glucose-C'* under the same 
conditions. 
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Fic. 1. The relationship of the specific activities of the serum 
glucose (4), liver glucosamine (@), and serum glucosamine (O) 
after the injection of glucose-C'*. The mean specific activities 
for each time are plotted as c.p.m. per umole of glucose or glu- 
cosamine. All values are adjusted to 5.0 X 10° ¢.p.m. injected 
into a 250-gm. rat. 
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III 
Radioactivity in glucosamine of rat tissues after glucose-C'4 injection 


All counts adjusted to 5.0 X 10° ¢.p.m. injected into a 250-gm. 
rat. Total activity refers to the total c.p.m. in the glucosamine 
of the tissues of a 250-gm. rat. The mean + the standard error 
of the glucosamine content of the tissues in wmoles per 250-gm. 
rat was kidney, 10.8 + 0.4; testes, 4.48 + 0.19; lung, 5.74 + 0.47; 
spleen, 1.35 + 0.09. 


Kidney Lung Testes Spleen 
Specific Total Specific Total Specific Total Specific | Total 
activity activity activity activity activity activity activity activity 
| | | 
| hrs. c.p.m. c.p.m. ye c.p.m. c.p.m. 
1.5| 7.9} 9110.1} 42 | 6.0| 24.3 | 25.0 | 41.7 
4 3.75 14.8 157 36.1 250 | 16.6 73.6 48.7 70.3 
13 | 3.75) 17.1 201 | 
1 | 12.3 | 133 | 16.9 101 | 13.7 | 70.1 | 29.3 | 38.3 
10 7.5 15.0 143 20.3 110 | 14.4 60.3 | 31.1 34.9 
1412.0 16.0 | 
16 30.0 11.3. 130, | | | 
appears to be utilized preferentially by the liver (27). For that 


purpose uniformly labeled fructose-C™ was injected into a rat 
under the same conditions used for glucose-C™, and the animal 
was killed 3.75 hours thereafter. The ratio of specific activity 
of liver and serum glucosamine was found to be the same as after 
the injection of glucose. No significance can be attached to the 
absolute increase in these specific activities, since the specific 
activity of the fructose injected would undergo less dilution than 
that of the glucose injected. 


DISCUSSION 


The relationship between the specific activities of serum glu- 
cose, liver glucosamine, and serum glucosamine is shown in Fig. 
1, in which the mean values of these functions are plotted for the 
various times up to 12 hours after the injection of the tracer dose 
of uniformly labeled glucose-C™. From the graph it becomes 
apparent that the liver and serum glucosamine meet the criteria 
for the precursor-product relationship as formulated by Zilver- 
smit et al. (28), namely, the specific activity of the liver glucos- 
amine is initially greater than that of the serum glucosamine; 
when the specific activity of the serum glucosamine reaches its 
maximum, it is equal to that of the liver glucosamine; thereafter, 
the specific activity of the serum glucosamine is greater than that 
of the liver glucosamine. This relationship suggests that no 
other important sites for the synthesis of the serum protein-bound 
glucosamine exist, which would be consistent with the relatively 
low activity in the glucosamine of the other organs measured. 
Also, the observation that the ratio of liver and serum glucos- 
amine specific activity is the same after the injection of either 
fructose-C™ or glucose-C™ is consistent with this idea that the 
liver is the site of synthesis of the serum glucosamine. 

From Fig. 1 it may be noted that the serum glucose curve 
crosses the liver glucosamine curve to the right of its maximum. 
This would suggest that a simple product-precursor relation such 
as that described by Zilversmit et al. (28) is not adequate to ex- 
plain the relationship between the serum glucose and the liver 
glucosamine. However, the curves for the serum glucose, liver 
glucosamine, and serum glucosamine appear to fit a model de- 
scribed by Russell (29), as well as by Barnum and Huseby (30). 
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In such a system the specific activity of the liver glucosamine 
would be determined not only by synthesis from the serum glu- 
cose, but also by a return of molecules from the serum glucosa- 
mine pool. This system could be described as follows. 

v2 


Vi 
Serum glucose ——~> Liver glucosamine ——— 
v3 


vs? 
Serum glucosamine —— 


This model requires that the maximal specific activity of the 
liver glucosamine be reached before its curve crosses that of the 
serum glucose, which is considered its precursor, and that the 
maximal specific activity of the serum glucosamine occur only 
after both the liver and serum glucosamine have crossed the 
curve of the serum glucose (29). It may be seen from Fig. 1 
that the data are consistent with this scheme, and moreover, 
such a system is physiologically quite credible. 

By formulating a set of equations, an attempt has been made 
to calculate the rates of the above reactions from the curves 
shown in Fig. 1. In the equations to be used in this discussion, 
the following symbols will be employed: sA, sB, sC, the specific 
activities of the serum glucose, liver glucosamine, and serum glu- 
cosamine, respectively; B and C, the amounts of glucosamine 
present in liver and serum respectively; B* and C*, the amounts 
of radioactive glucosamine present in liver and serum; t; and tz, 
time: and time2, between which the calculations were made. 
The rate of conversion of liver glucosamine to serum glucosamine, 
V2, may be calculated from the formula of Zilversmit et al. (28), 
which describes a simple product-precursor relationship. 


(sC, — sC,)C 
te te 
/ sB dt — sC dl 
ti ti 


v2 >= 


(1) 


The denominator of the above fraction is obtained from the area 
between the liver and serum glucosamine curves between time, 


and time:. 
For the calculation of v;, the rate of synthesis of liver glucos- 
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Fic. 2. The relationship of the specific activities of the serum 
glucose (@) and the glucosamine of the liver and serum consid- 
ered as a common pool (©). Values are expressed as in Fig. 1. 


Biosynthesis of Glucosamine 


Vol. 234, No. 4 


amine from serum glucose, and v3, the rate of return of glucos- 
amine from serum to liver, the following equations may be used. 


dB* 
= visA + vasC — (v2 + va4)sB (2) 


In a steady state ve + v4 equals v; + v3. By making this sub- 
stitution and replacing B* by BsB, the following equation is 
obtained. 


B 
a = v,(sA — sB) — v;(sB — sC) (3) 


Integration of this equation gives 


B(sBz — 


te te te te (4) 
ty ty 


The integrals in this equation may be obtained from the areas 
between the serum glucose and liver glucosamine curves from 
time; to time, and between the liver glucosamine and serum 
glucosamine curves from time, to times, respectively. 


At the maximum of the liver glucosamine curve, “ = 0, 
and, as may be seen from Equation 3, the following relationship 


must exist. 


(5) 


where m refers to the time at which the liver glucosamine reaches 
its maximal specific activity. From these two equations in two 
unknowns it should theoretically be possible to calculate both 
Vv; and vs. 

When v>z is calculated from the curves between 45 and 90 min- 
utes, with use of the mean serum glucosamine value of 50 umoles, 
a rate of 25.6 umoles per hour is obtained. When v; and v3 were 
similarly calculated from the curves between 45 and 90 min- 
utes, with the 90-minute value used as the maximum of the liver 
glucosamine specific activity, a rate of 0.68 umole per hour was 
obtained for v; and 16.8 umoles per hour for v3. These values 
for v; and v3 are approximations, since it is not possible to local- 
ize the maximum precisely. However, values of the same order 
of magnitude are obtained when other times in the vicinity of 
90 minutes are chosen for the maximum. Since the values ob- 
tained for v; are always very much smaller than those of ve or 
vz, indicating that the rate of interchange of glucosamine mole- 
cules between liver and serum is much more rapid than the syn- 
thesis of new glucosamine molecules from glucose, v; may be 
calculated in an alternate manner by considering liver and serum 
glucosamine to be essentially part of the same pool. Fig. 2 
shows the relationship between the serum glucose curve and the 
calculated specific activity curve for this common pool. It may 
be noticed that the serum glucose curve crosses this common 
pool curve near its maximum, indicating that the steps between 
liver and serum glucosamine are rapid enough to consider the 
relationship between the serum glucose and this common glu- 
cosamine pool asa simple product-precursor one. V, may there- 
fore be calculated from the curves in Fig. 2 with the same equa- 
tion as has been employed for the liver and serum glucosamine 
relationship (Equation 1). Such a calculation carried out be- 
tween 45 and 90 minutes gives a value for v,; of 0.89 umole per 
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hour. When this value for v; is substituted into Equation 4, a 
value of 26.3 uwmoles per hour is obtained for v3. This value for 
v3; is probably more exact than that obtained from Equations 4 
and 5, since it does not depend on the exact localization of the 
maximum of the liver glucosamine. When this value for v3 is 
compared with v2, it may be seen that they are almost identical, 
indicating that vs is either small or nonexistent. The turnover 


time for serum glucosamine, oat is 1.95 hours. The turnover 
2 


B 
time for liver glucosamine, epee with 0.89 and 26.3 used for v; 
1 3 


and v3, is 0.79 hours. The time required to replace the liver 
B 
glucosamine by synthesis of new molecules from glucose, — is 


1 
24.2 hours, whereas the time required to replace the serum glucos- 


C 
amine by synthesis from glucose, ag is 56.2 hours. These val- 
1 


ues are summarized in Table IV. 

From these calculations it may be seen that the turnover time 
of both serum and liver glucosamine is extremely rapid and many 
fold faster than the time required for synthesis of new molecules 
from glucose. It remains open to speculation to what extent 
this rapid interchange of protein-bound glucosamine between 
liver and serum represents a breakdown and resynthesis of the 
glycoprotein molecules with a reutilization of most of the glucos- 
amine, or merely a transfer back and forth between liver and 
serum of the same glycoprotein molecules. 

Many values cited in the literature for turnover time of bio- 
logical compounds are based on calculations made from radio- 
active decay of the compound plotted as the logarithm of the 
specific activity versus time. It is obvious from the above con- 
siderations that such a calculation would be quite erroneous in 
the present system because of the large extent of recycling of glu- 
cosamine molecules between liver and serum. However, in order 
to compare the turnover time of liver and serum glucosamine to 
turnover times of compounds calculated in this manner, the log- 
arithm of the specific activity was assumed to be linear up to 12 
hours and was plotted against time by means of the method of 
least squares. Turnover time was calculated from the half-time 
by multiplying it by 1.44 (31). The half-times obtained from 
these decay plots were 8.9 hours for liver glucosamine and 14.0 
hours for serum glucosamine; the turnover times were calculated 
as 12.8 hours and 20.1 hours for the liver and serum glucosamine, 
respectively. These values may be compared with a half-time 
of 1.6 to 2.3 days determined from the decay of the glucosamine 
of hen egg ovomucoid (4) and with a half-time of 3.4 days deter- 
mined for the glucosamine of the hyaluronic acid of the skin of 
rabbits (8). 

The rapid turnover of glucosamine noted from the calculations 
of the present study is consistent with the work on the a; acid 
glycoprotein in guinea pigs by Bostrém et al. (32), who found that 
the peak of the glucosamine specific activity had occurred some 
time before 12 hours, when they made their first determination. 
They estimated from the decay of the specific activity of the 
glycoprotein that its half-time is about 1 to 2 days, which would 
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TaBLe IV 
Metabolism of liver and serum glucosamine 
All values expressed per 250-gm. rat. 


Tissue Rate of Synthesi , 
Turnover | Turno th ynmesis | Half-time 
Tissue rate = “from from decay 
pmoles | pmoles/hr. hrs. pmoles/hr Ars. hrs. 
Liver....... 21.5 27.2 0.79 0.89 24.2 8.9 
Serum...... 50.0 25.6 1.95 0.89 56.2 14.0 


be considerably longer than the half-time of the total serum pro- 
tein-bound glucosamine determined in the present study. 

The site of formation of the serum glycoproteins has been a 
subject of some interest, and it has been proposed by some that 
depolymerization of ground substance of connective tissue may 
give rise to these glycoproteins (9). Since the glycoproteins are 
a heterogeneous group, it is not necessary that there be a single 
site of synthesis. As judged from the data of the present study, 
dealing with the relationship between the liver and serum pro- 
tein-bound glucosamine, it appears that the bulk of the serum 
glycoproteins is synthesized in the liver. This is consistent with 
the study of Werner (33), who concluded that the liver was the 
site of glycoprotein formation on the basis of experiments show- 
ing that the increase in protein-bound glucosamine after bleed- 
ing in rabbits no longer occurred if the liver had been damaged 
previously with phosphorus or benzene. The subnormal levels 
of seromucoid seen in human subjects with parenchymatous liver 
disease are also in agreement with such a view (34). 

The rapid transfer of glucosamine between liver and serum 
would suggest that alterations in that compound measured in 
the blood would reflect changes in the metabolism of glucosa- 
mine by the liver itself. 


SUMMARY 


The metabolism of protein-bound glucosamine has been stud- 
ied in various tissues of the intact rat with the aid of tracer doses 
of uniformly labeled glucose-C™. Specific activity-time curves 
for serum glucose, liver glucosamine, and serum glucosamine 
were drawn. From these it appeared that the liver is the pri- 
mary site of synthesis of the serum glucosamine. Moreover, a 
very rapid interchange of the glucosamine between liver and se- 
rum was calculated to take place, resulting in a turnover time 
of 0.8 hour for the liver and 2 hours for the serum glucosamine. 
The rate of synthesis of glucosamine molecules in liver from glu- 
cose was calculated to be about 0.9 umole per hour, in a 250-gm. 
rat. 

The synthesis of the protein-bound glucosamine from glucose 
in the other organs studied, namely, kidney, lung, testes, and 
spleen, was shown to be well below that of the liver. 


Acknowledgment—The author wishes to express his apprecia- 
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The exact biochemical mechanism by which glucose is absorbed 
by the intestine against a concentration gradient is yet to be 
established. In 1933, Wilbrandt and Laszt (1) proposed the 
phosphorylation-dephosphorylation hypothesis for sugar absorp- 
tion by the small intestine. In the same vear Lundsgaard (2) 
suggested the same hypothesis for glucose reabsorption by the 
kidney tubules. Much of the evidence on which this hypothesis 
was originally based has since proved inadequate. On the other 
hand, conclusive evidence against the hypothesis is lacking. 

The present study was designed to test the hypothesis of the 
phosphorylation of glucose during the transport process. Ash- 
more et al. (3) employed a method for calculating the quantity 
of glucose which was phosphorylated to glucose 6-phosphate by 
liver slices and subsequently hydrolyzed to glucose and inorganic 
phosphate. In a similar manner an attempt has been made in 
the present study to calculate the quantity of glucose arising 
from glucose 6-phosphate during the course of intestinal absorp- 
tion of glucose by sacs of hamster intestine. The results ob- 
tained by such experiments indicate that only a small fraction of 
glucose transported passes through glucose 6-phosphate as an 
intermediate. 


EXPERIMENTAL 


Materials and Methods 


Preparation of Tissue—Golden hamsters (80 to 150 gm.) fed 
Purina laboratory chow were used. The animal was killed by 
a blow on the head, the abdomen opened, and the entire smal] 
intestine washed out in situ with 0.9 per cent NaCl. The in- 
testine was stripped from its mesentery and: turned inside out 
with the use of a long probe. After washing the everted intestine 
carefully in 0.9 per cent NaCl, it was placed in a Petri dish that 
contained a modified Krebs-Henseleit (4) bicarbonate-sodium 
chloride medium with the following composition in mmoles: Na, 
143; K, 6; Mg, 1.2; Ca, 1.3; Cl, 125; and HCOs;, 25. Tied sacs 
of intestine (about 200 mg. wet weight of tissue) were prepared 
in the manner previously described (5). From the gut of a 
single animal 2 to 8 sacs were prepared. 

A measured volume (approximately 1 ml.) of bicarbonate- 
saline medium was injected into each sac (serosal solution). For 
the mucosal solution 3 or 5.0 ml. of bicarbonate-sodium chloride 
medium were used. The filled sacs were placed in 50-ml. flasks 


* This work was supported in part by the United States Atomic 
Energy Commission, the National Institutes of Health (No. A- 
1954), and the National Science Foundation (G5585). 

+t Postdocoral Fellow of the United States Public Health Serv- 
ice, 1957-1958 (Department of Biological Chemistry). 

} Department of Physiology. 


49 


containing the mucosal solution. Flasks were gassed with 5 per 
cent COs and 95 per cent O2 and incubated with shaking for 1 
hour at 37°. The final volume on the serosal side was deter- 
mined by weighing the sac before and after emptying the con- 
tents. The final mucosal volume was calculated from the initial 
value and the change on the serosal side, assuming no tissue 
swelling or evaporation. 

Radioactive Substrates—The radioactive substrates! employed 
were glucose-1-C™, glucose-6-C™, and galactose-1-C™, Their 
initial specific activities were measured as the glucosazone or 
galactosazone. Counting techniques were as previously de- 
scribed (6). 

Experimental Design—Three different studies were performed. 

1. To estimate the contribution of the phosphogluconate oxida- 
tive pathway to gut metabolism, glucose-1-C™ or -6-C™ was 
present in both the mucosal and serosal solutions of a sae at a 
concentration of 200 mg. per 100 ml. Sacs from adjacent seg- 
ments of intestine were used, one labeled with glucose-1-C™ and 
the other with -6-C". At the completion of the incubation, the 
sac was cut open and the mucosal and serosal solutions combined. 
An aliquot of this combined solution was discharged into sulfuric 
acid, the CO: evolved was trapped in sodium hydroxide, and 
precipitated as barium carbonate for assay. Total CO, in the 
flask, z7.e. in the gas phase and the medium, was shown to be 
about 225 uwmoles. 

2. To estimate the extent of rearrangement of the glucose 
carbon skeleton during transport, glucose-6-C™ was placed at a 
concentration of 200 mg. per 100 ml. on the mucosal side and the 
glucose transported during the incubation was isolated as the 
glucosazone from the serosal solution with the aid of carrier 
glucose. The glucosazone was assayed and then degraded (7) 
to the 1 ,2-bisphenylhydrazone mesoxalaldehyde, which was also 
assayed. This latter compound contained carbons-1, -2, and -3 
of the glucose molecule. 

3. To estimate the quantity of glucose transported which had 
glucose 6-phosphate as an intermediate, sacs from adjacent seg- 
ments were incubated in 5 ml. of bicarbonate-sodium chloride 
medium containing either galactose-1-C™ (100 mg. per 100 ml.) 
and nonradioactive glucose (200 mg. per 100 ml.), or nonradioac- 
tive galactose (100 mg. per 100 ml.) and glucose-1-C™ (200 mg. 
per 100 ml.). Bicarbonate-saline medium, 1 ml., (containing no 
sugar) was placed on the serosal side. At the completion of the 
incubation, the concentration of glucose in the mucosal and sero- 


1 Glucose-1-C'* was purchased from Chicago-Nuclear Corpora- 
tion, Chicago, Illinois; glucose-6-C'* from Volk Radiochemical 
Company, Chicago, Illinois; and galactose-1-C™ from the National 
Bureau of Standards, Washington, D.C. 
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sal solutions was estimated by determining reducing substance 
(8) before and after incubation with glucose oxidase. Galactose 
was taken as the reducing sugar unaffected by the enzyme, with 
a small correction for slow oxidation of the galactose. For the 
determination of radioactivity in CO: as described above 1 ml. 
of mucosal solution was taken. 

In order to determine the activity of the glucose and galactose 
transported, 0.25 ml. of the serosal solution was placed on a 10- 
em. line at the origin of a paper chromatogram. The chroma- 
togram was developed for 40 hours in the descending direction 
with butanol-pyridine-water (6:4:3) (9). This solvent separates 
glucose from galactose, glucose running in the forward position. 
After drying, a thin strip of paper was cut from each side of the 
chromagram and sprayed with benzidine (10) to develop the 
sugar spots. By this method it was possible to determine the 
areas occupied by glucose and galactose in the untreated central 
portion of the paper. The forward one-half of the glucose band 
was eluted, the quantity of sugar determined (8), and the glu- 
cosazone was prepared with the aid of carrier glucose. A similar 
procedure was followed with the entire galactose band with car- 
rier galactose added to facilitate the isolation of the galactosa- 
zone. An aliquot of the initial incubation medium was treated 
in the same way, and it was found that the specific activities of 
the substrates run on paper chromatograms and eluted varied 
no more than 10 per cent from the specific activity determined 
by preparation directly of the osazones. There was no con- 
tamination of nonradioactive glucose by galactose-1-C™ when it 
was isolated from solution by this chromatographic procedure. 
Furthermore, the osazones were counted, recrystallized, and 
counted a second time. Constant specific activity was found in 
all cases. It was previously found that by such recrystallization 
galactosazone could be separated from glucosazone (11). 

Calculations—The yumoles of C'*-labeled glucose or galactose 
oxidized to CO2, the umoles of glucose-6-C™ incorporated into 
the mesoxalaldehyde, and the umoles of galactose converted to 
glucose were calculated from (a) the specific activity of the sub- 
strates, (b) the specific activity of the metabolic products, and 
(c) the quantity of metabolic products present. Results were 
expressed as ymoles per 100 mg. of intestine wet weight per 60 
minutes of incubation. 

In the derivation of the quantity of glucose on the mucosal 
side converted to glucose on the serosal side via glucose 6-phos- 
phate, it was assumed that glucose and galactose metabolism in 
the intestinal epithelial cell was similar to that in other mam- 
malian cells and that most of the metabolism studied in the 
preparation occurred in the epithelial cells. That is, as shown 
in Fig. 1, it was assumed that in the metabolism of the intestine 
glucose and galactose had as their common intermediate glucose 
6-phosphate, that carbon dioxide was formed from these sub- 
strates only after conversion to glucose 6-phosphate, and that 
glucose, once phosphorylated to glucose 6-phosphate, could be 
released as free glucose only directly from glucose 6-phosphate. 


Galactose 


Glucose — Glucose 6-phosphate — Glucose 


COz 


Fic. 1. Assumed interrelationships in the gut epithelium of 
glucose and galactose metabolism. 


Phosphorylation in Glucose Absorption 


It was further assumed that glucose and galactose both con- 
tributed to the same glucose 6-phosphate pool and that the CO, 
collected served as a sampling of the contributions of each to the 
pool. Therefore, since both CO. and glucose arose from the 
same glucose 6-phosphate pool, the relative proportion of glucose 
and galactose converted to CO: was the same as the proportion 
of the two substrates converted to glucose, 1.e.: 


glucose to glucose-6-PO, to glucose 
galactose to glucose-6-PO, to glucose 


Glucose to CO, 
Galactose to 


The quantity of glucose converted to glucose via glucose-6-PO, 
was then compared with the quantity of glucose that was trans- 
ported during the experiment. This latter quantity was taken 
as that quantity of glucose found on the serosal side of the in- 
testinal wall after incubation. 


RESULTS 


Since a knowledge of the extent of the conversion of radioactive 
glucose to CO2 was required for the determination of glucose 
phosphorylation, preliminary studies were carried out on the 
effect of location along the gut on this conversion. Both glu- 
cose-1-C'* and glucose-6-C™ oxidation to CO2 were studied at 
different locations of the gut to obtain the additional information 
as to the possible presence of the phosphogluconate oxidative 
pathway. Table I shows the results obtained in three animals, 
six sacs of tissue being prepared from each. In all cases but one, 
the CO. produced from glucose-1-C™ was more radioactive than 
that from glucose-6-C"™, suggesting the presence of the oxidative 
pathway. 

One possible mechanism of glucose transport involving glucose 
6-phosphate as an intermediate was investigated with glucose- 
6-C™“, If the mechanism for transport were the conversion of 
hexose to triose followed by the resynthesis of hexose, glucose- 
6-C™ entering the cell from the mucosal side would emerge on 
the opposite side as glucose-1-6-C™. An experiment designed to 
test this possibility is shown in Table II. In each of the four 
sacs over 95 per cent of the initial glucose-6-C'™ was absorbed 
from the mucosal side, an average of 3.5 mg. of the initial 6 mg. 
being recovered on the serosal side. The average final concentra- 
tion gradient was 74-fold. The glucose transported to the serosal 
side was isolated at the end of incubation as the phenylosazone. 
This was oxidized to the 1,2-bisphenylhydrazone of mesoxalal- 
dehyde which contained carbons-1, -2, and -3 of the original 
glucose molecule. Table II (Column 8) shows that no significant 
activity was found in the first three carbons (isolated as the 
mesoxalaldehyde). One further point of interest is that glucose 
emerging on the serosal side had about the same specific activity 
as that on the mucosal side initially (Columns 3 and 4). This 
indicates negligible dilution of the glucose in its passage through 
the tissue. 

An attempt was next made to evaluate the role of the con- 
version of glucose to glucose 6-phosphate in the process of glu- 
cose absorption. The experiments were carried out in the 
presence of both glucose and galactose on the mucosal side of 
the intestinal wall; in one flask glucose was radioactive, while in 
the other galactose was radioactive. As there was some varia- 
tion from one location of the gut to another, three consecutive 
segments were used; the first and third were incubated in one 
solution, and the second in the other. The average values for 
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TABLE I 
Conversion of glucose-1-C'4 and glucose-6-C™ to CO, 


From each of three hamsters 6 sacs were prepared and alternate sacs were incubated with either glucose-1-C™ or glucose-6-C" at a 
glucose concentration of 200 mg. per 100ml. The carbon dioxide formed from the labeled glucose is presented as ymoles of CO: per 100 


mg. of intestine per 60 minutes of incubation. 


Upper jejunum Mid gut | Lower ileum 
Glucose-1-C!4 Glucose-6-C'* Ratio Glucose-1-C! Glucose-6-Cl4 Ratio Glucose-1-C'* Glucose-6-C'4 Ratio 
(a) (b) (a)/(b) (c) (d) (c)/(d) (e) (f) (e)/(f) 
1.55 1.07 1.45 1.09 0.56 195 0.80 0.56 1.43 
0.84 0.50 1.68 0.59 0.39 1.51 | 0.76 0.48 1.58 
0.84 0.65 1.29 0.81 0.79 100 $| 0.47 0.47 1.00 
a ee 1.08 0.74 1.47 0.83 0.55 1.52 | 0.68 0.50 1.36 


TABLE II 


Possible conversion of glucose-6-C"' to glucose-1-6-C'4 
during intestinal transport 


Glucose-6-C!* (200 mg. per 100 ml.) was placed in the mucosal in- 
cubation medium of 4 sacs from two hamsters. The specific activ- 
ity of the glucose employed and of the glucose isolated from the 
serosal medium at the completion of the incubation (60 minutes) 
was determined as the glucosazone. The initial and serosal glu- 
cosazones were then degraded to their corresponding mesoxalalde- 
hydes (which contain carbons 1, 2, and 3 of the glucose) and their 
activity was determined. Specific activity is given in c.p.m. per 
umole of glucosazone or mesoxalaldehyde. 


Initial | Serosal 
Initial | Serosal ses Activit 
ster Segment activity | hyde hyde 4 
No. specific | specific | ) 
(a) (by | acuity | | (1000/08) 
% % 
1 Jejunum | 3020 | 3360 111 65 53 0 
1 Ileum 3020 | 3040 100 65 65 0 
2 Jejunum 3520 | 3880 110 39 72 1 
2 Ileum 3520 | 3900 111 39 0 0 


the first and third segments were compared with that of the 
second. When radioactive galactose was present during glucose 
absorption, the glucose appearing on the serosal side contained 
some radioactivity. Glucose 6-phosphate was assumed to be 
intermediate in this interconversion. An estimate of the pro- 
portion of glucose passing through glucose 6-phosphate during 
transport is given in a representative experiment in Table III. 
First, the relative contribution of glucose and galactose to the 
glucose 6-phosphate pool was estimated by the ratio of wmoles 
of each sugar converted to CO». If glucose passed through this 
pool of glucose 6-phosphate during transport, the glucose ap- 
pearing on the serosal side should be approximately the same 
specific activity as the pool. A sample calculation is given in 
Table ITI. 

The results from six complete experiments are shown in Table 
IV. It is estimated that an average of 8.7 per cent of the glu- 
cose transported was phosphorylated at some point between 
mucosal and serosal sides. Whether this quantity of glucose 
was phosphorylated during actual active transport or during the 
metabolic maintenance processes of the cell cannot be stated. 


To test whether the relative contributions of the two sugars to 
the glucose 6-phosphate pool changed with time, an experiment 
was carried out in which CO. was sampled at both 30 and 60 
minutes. The ratios of CO, production from glucose and galac- 
tose at 30 minutes was similar to that at 60 minutes. 

In all of these experiments a considerable portion of the glu- 
cose initially present on the mucosal side moved across the wall 
to the serosal side. Although there was initially no sugar on 
the serosal side, much of the sugar must have moved against a 
concentration gradient as the final concentration on the serosal 
side was an average of 7.3 times that on the mucosal side (average 
of 16 intestinal sacs) at the end of incubation. Galactose, on 
th other hand, moved across the gut wall only slowly and in 15 

f 16 cases its concentration on the serosal side was lower 


TABLE III 


Sample calculation* of fraction of transported 
glucose which was phosphorylated 


Sacs were prepared from three adjacent segments of small] 
intestine of a single hamster. The first and third segments were 
incubated with galactose-1-C'* (100 mg. per 100 ml.) in the pres- 
ence of glucose (200 mg. per 100 ml.) and the second with galactose 
(100 mg. per 100 ml.) in the presence of glucose-1-C' (200 mg. per 
100 ml.). Values are given as wymoles per 100 mg. of tissue per 60 
minutes of incubation. 


Galac- 
Sugar- Glucose 
Sac Unlabeled Labeled tose -1- 
Location to trans- 
No. sugar | sugar C to 
COs glucose | POF 
1 upper jejunum | glucose | galactose | 0.12 0.15 | 9.68 
2 mid jejunum galactose glucose 0.72 
3. low jejunum glucose — galactose | 0.06 | 0.06 —-7~.60 


Glucose-1-C" to CO, 


CGalactose-1-C' to CO, 
Glucose (mucosal) to glucose (serosal) via Glucose-6-P 


is Galactose (mucosal) to glucose (serosal) via Glucose-6-P 
Substituting we have: 
Glucose (mucosal) to glucose 
(0.72) 0.5 (0.15 + 0.06) 
0.5 (0.12 + 0.06) 
= 0.54 
Net glucose transported (av- 
erage of Sacs 1 + 3) = 8.6 
Per cent of glucose trans- 
ported via glucose-6-P 


(serosal) via glucose-6-P 


(0.84/8.6) (100) = 10 per cent 
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TaBLe IV 
Fraction of transported glucose which was phosphorylated 
Sacs of intestine were incubated with glucose and galactose on 
the mucosal side, one sugar or the other being radioactive. No 
sugar was on the serosal side. Incubation was for 1 hour at 37°. 
See Table III for sample experiment. 


é | Glucose to CO: —_ Galactose to Glucose to Glucose Transport 
No. Galactose to COs slucose | transported | phos: 
8.0 0.105 | 0.84 8.6 10 
we | 0.60 4.2 14 
5.1 0.069 0.35 8.0 4 
4 | 9.3 0.040 0.37 7.8 5 
6 | 9.4 | 0.039 0.37 9.0 4 
TABLE V 


Inhibition of galactose transport and metabolism by glucose 

Sacs of intestine were incubated with 5 ml. of bicarbonate- 
sodium chloride containing 100 mg. per 100 ml. of galactose-1-C'* 
with or without glucose (200 mg. per 100 ml.) on the mucosal side. 
The serosal side contained nosugar. Galactose disappearing from 
the medium during incubation is indicated by “galactose util- 
ized.’’ All values are given as wmoles per 100 mg. of tissue per 60 
minutes of incubation. 


| 
Ani- | | | Galac- Galac- 
No. | | ported gradient? | | 
Upper ileum Galactose | 5.4 | 17.1 | 0.084 
1 Lower jeju- | Galactose + 1.1 0.65 0.29 0.032 
num glucose | : 
2 Lower jeju- Galactose 6.4 ef | 2.0 0.17 
num | | | 
2 Upperileum § Galactose +) 1.8 0.80! 0.3 0.057 
| glucose | 


* Final concentration on serosal side/final concentration on 


mucosal. 
+ Final serosal concentration = 259 mg. per 100 ml.; final 


mucosal concentration = 0. 


than that on the mucosal side at the termination of the incuba- 
tion. 

Glucose has a profound effect on both the transport rate and 
the utilization rate of galactose. This is illustrated in Table V. 
A very striking inhibition of galactose transport was noted with 
glucose (200 mg. per 100 ml.) at a concentration twice that of 
galactose (100 mg. per 100 ml.)._ In the presence of glucose, ga- 
lactose was still moving down a concentration gradient at the 
time when, in the absence of glucose, a very large concentra- 
tion gradient was developing. Also oxidation of galactose to 
CO, and galactose utilization was markedly decreased in the 
presence of glucose. Although the inhibition of galactose trans- 
port by glucose is well known (12, 13), the inhibition of utili- 
zation and COs» production has not previously been noted. 
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DISCUSSION 


The phosphorylation-dephosphorylation hypothesis of sugar 
transport (1, 2) was based primarily on the observations that 
iodoacetate and phlorizin (thought at that time to be specific 
inhibitors of phosphorylation reactions) inhibited glucose ab- 
sorption by the small intestine (1, 14-17) and kidney (18-20). 
Subsequent studies have shown that iodoacetate is not a specific 
inhibitor but reacts with the sulfhydryl groups of many enzymes, 
Furthermore, the primary site of action of phlorizin is apparently 
not on hexokinase or phosphatase but on oxidative pathways (21, 
22). Additional evidence for the hypothesis was the finding that 
the kinase activity in the intestine for different sugars was pro- 
portional to their rate of intestinal absorption (23-25), although 
this was subsequently disputed (26). The accumulation of sugar 
phosphates within the epithelium which occurs during absorption 
(27-32) has also been taken as evidence for the hypothesis, 
However, many cells increase the concentration of intermediates 
of metabolism on the addition of utilizable sugars and the ac- 
cumulation of sugar phosphates cannot be taken as conclusive 
evidence for their participation in the transport process itself 
(although it is consistent with the hypothesis). Alterations in 
the concentration of phosphatases in the kidney (33) and gut 
(34) in various states have also been used to support the hypoth- 
esis. 

One variation of the general phosphorylation hypothesis in- 
volves the conversion of glucose to two triose phosphates fol- 
lowed by recondensation to hexose. This possibility was con- 
sidered (35) as lactic acid was found during glucose and fructose 
absorption both in vitro (5, 36-38) and in vivo (39-41). Con- 
siderable evidence against this triose hypothesis, however, has 
been presented both for the intestine (35, 42, 43) and the kidney 
(44). The present experiments (Table II) provide further evi- 
dence that this mechanism does not occur in the small intestine 
of the hamster. 

Two recent studies have offered what may be considered direct 
evidence against the general phosphorylation hypothesis. — First, 
Sols (26) was unable to detect kinase activity for the sugars 
galactose and 3-O-methylglucose, two sugars transported by the 
small intestine against concentration gradients (35). However, 
indirect evidence suggests that galactose is phosphorylated. 
The hamster intestine utilizes considerable quantities of galactose 
(35), converts some to COs (see Table V) and a small amount to 
lactic acid (37). Qualitative tests performed by Kjerulf-Jensen 
(30) on the phosphate esters accumulated in the gut epithelium 
of the rat during galactose absorption suggested the presence of 4 
galactose phosphate. Although 3-O-methylglucose is not uti- 
lized by the intact rat (45) nor converted to lactic acid by the 
intestine (37), its phosphorylation by preparations of rat intestine 
has been reported (46). During 3-O-methylglucose absorption 
by the hamster intestine small amounts of a sugar phosphate 
can be isolated by ion exchange columns, which on elution from 
the column and treatment with phosphatase yield a sugar chro- 
matographically identical with 3-O-methylglucose.? 

The second observation inconsistent with this hypothesis is the 
finding of Crane and Krane (47) that both 1-deoxyglucose and 
6-deoxyglucose are transported by sacs of hamster intestine. 
The assumption was made that these two sugars and glucose are 
transported by a common mechanism and that phosphorylation 


2 T. H. Wilson, unpublished experiments. 
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of hydroxy! groups on carbons other than | and 6 does not occur 
in the absorption mechanism. The assumptions appear reason- 
able, but await experimental verification. 

The experiments presented in this paper add further weight 
of evidence against the participation of glucose 6-phosphate as 
an intermediate in the transport of glucose across the intestine, 
at least in the case of the hamster. It should be emphasized 
that a number of assumptions have been made in the calculations 
used and the conclusions must be considered tentative until a 
more direct method for testing the hypothesis is available. 


SUMMARY 


1. The conversion of glucose-1-C™ and glucose-6-C™ to COs» 
has been studied with sacs of hamster intestine in vitro. The 
presence of the phosphogluconate oxidative pathway was indi- 
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cated by the greater CO, production from C-1 than C-6 labeled 
glucose. 

2. The possibility of hexose conversion to triose followed by 
resynthesis of hexose by the intestine was tested. It was pre- 
sumed not to occur as glucose-6-C™ absorbed from the mucosal 
side of the in vitro preparation did not show randomization on 
passage across the intestinal wall. 

3. By incubating sacs of intestine in paired flasks in the pres- 
ence of glucose and galactose, the quantity of glucose transported 
via glucose 6-phosphate was calculated. Only a small fraction 
of the absorbed glucose passed through the glucose 6-phosphate 
pool which had been labeled with radioactive galactose. 


Acknowledgment—The authors wish to express their apprecia- 
tion to Professor A. Baird Hastings for his advice and interest 
in this work. 
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It was established by Shaw and Knodt (1) that the normal 
lactating udder (in situ) of the cow utilizes almost 2 mg. of B- 
hydroxybutyric acid per 100 ml. of blood traversing the udder; 
it was calculated that this was sufficient to account for the short 
chain fatty acids of milk fat or for about 40 per cent of the oxygen 
consumption of the secreting gland if it were oxidized for energy 
purposes. Later work on ketotic cows (2) and perfused udders 
(3) showed that the utilization of this substrate by the lactating 
udder is greatly increased when the arterial levels are high. 
However, the ultimate fate of this substance within the mammary 
gland tissue remained uncertain. 

The importance of the lower aliphatic acids in ruminant 
metabolism has come to be recognized as a result of current 
interest in the metabolic activities of rumen microorganisms. 
In ruminants, acetate, propionate and butyrate are primary 
products of carbohydrate digestion and very little glucose, as 
such, is absorbed from the gut. The diurnal variations in the 
arterial levels of acetate are appreciable and the utilization of 
acetate by the udder is dependent on the arterial levels (4). 
Acetate is primarily incorporated by the perfused lactating 
ruminant udder into the volatile fatty acids characteristic of the 
ruminant milk fat (5). Butyrate, when injected intravenously, 
is incorporated to a lesser extent into milk fat, and participates 
in a net synthesis of carbohydrate in the ruminant (6, 7). 

This is a report on the incorporation of carboxyl-labeled 6- 
hydroxybutyrate into milk components by a perfused udder, and 
on the effect of acetate on the utilization of B-hydroxybutyrate 
by the perfused udder. A summary of some of the results of 
this study has been reported.! 


EXPERIMENTAL 


Lactating bovine mammary glands were isolated and perfused 
by the procedure described earlier (8, 9). One-half of the udder 
was dissected out and perfused with heparinized blood, while the 
other half was used as a control, 

The volatile fatty acid content of the blood was determined 


* Paper No. A465, Contribution No. 2547, of the Maryland 
Agricultural Experiment Station. This work was supported by 
the United States Atomic Energy Commission, Contract AT (30-1) - 
881. 

t Present address: Chemistry Department, Georgetown Uni- 
versity, Washington, D. C. 

t Present address: Chemistry Department, University of Mary- 
land, College Park, Maryland. 

1A brief paper presented before the annual meeting of the 
American Dairy Science Association at Pennsylvania State Col- 
lege, Pennsylvania, 1954. 


by steam distillation according to Scarisbrick (10) and calculated 
as acetate. The @-hydroxybutyrate in the blood was deter- 
mined by the method of Weichselbaum and Somogyi (11). The 
volatile fatty acid content of the mammary tissue was measured 
by rendering the tissue macerate slightly alkaline and extracting 
it with boiling water. The extract was analyzed by the Scaris- 
brick procedure. It was our experience that the blood samples 
for acetate determination could not be kept beyond 6 hours, even 
in ice; the use of perservatives, such as thymol or fluoride, inter- 
fered with the analysis. 

The utilization of acetate by the perfused lactating mammary 
gland was first studied by adding known amounts of acetate to 
the perfusate, initially, and determining blood and tissue acetate 
at the end of the perfusion. The difference in acetate content 
between the perfused tissue and the control tissue, if positive, 
was assumed to be acetate taken up by the gland but not metab- 
olized. Usually, this amount was very small. 

In order to study the possible competition between the two 
substrates, arteriovenous differences, rather than total utiliza- 
tion, were used as the criteria. $-Hydroxybutyrate was added 
to the blood to give a concentration of 30 to 50 mg./100 ml. 
Perfusion of the half udder was begun, and one passage of the 
entire quantity of the blood was allowed in order to bring about 
equilibrium between blood and tissue. Three sets of arterial 
and venous samples were drawn simultaneously in the next three 
successive passages of blood for the determination of the uptake 
(arteriovenous difference) of 6-hydroxybutyrate. Acetate was 
then added to the blood to obtain a concentration of 10 to 20 mg./ 
100 ml. One complete passage of the blood was allowed for 
equilibrium and then three sets of arterial and venous samples 
were drawn for analysis in as many passages of blood. Usually, 
however, only two sets of samples could be analyzed for acetate 
since the third set could not be analyzed within the desired 6- 
hour time period in most cases. 

Five perfusions were conducted to form the preliminary work 
for experiments on possible competition. Since they may be of 
interest to students of perfusion, the observations made in the 
course of this work may be summarized without a detailed discus- 
sion. Unless an adequate perfusion rate was maintained, equi- 
librium between blood and tissue was difficult to establish. In 
perfusions with a good rate of blood flow, one passage of blood 
sufficed to establish equilibrium. Nonlactating udders showed 
no uptake of acetate once equilibrium was established. This is 
similar to observations on the utilization of B-hydroxybutyrate 
by the perfused udder (3). When acetate was added to the 
blood, approximately 1 hour after the beginning of perfusion, 
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acetate was utilized in essentially a normal manner, the arterio- 
venous difference being usually 5 to 6 mg./100 ml. of blood per 
passage. 

Tracer Perfusion—The lactating mammary gland of a cow of 
known history was perfused in the usual manner. At the be- 
ginning of perfusion, 2.33 gm. of 8-hydroxybutyrate labeled 
with C™ in the carboxyl group (racemic mixture synthesized by 
Tracerlab., Inc., Boston) was added to the blood. The total 
activity added was 1 mc. and the specific activity in the counting 
system was 3.5 X 10‘c.p.m. per zymole. The gland was perfused 
for 2 hours and 360 ml. of milk was recovered from the udder at 
the end of perfusion with the aid of an injection of oxytocin 
(10 i.u.) in the arterial side of the apparatus. The milk was 
fractionated essentially according to the procedure of Dimant 
et al. (12). The lactose was recrystallized five times from 
methanol until constant specific activity was reached. 

Fractionation of Milk Fat for Butyric Acid—Approximately 1.0 
gm. of the milk fat was used for the C™ assay of the individual 
lower fatty acids. Butyric acid was first separated by the 
procedure of Keeney (13). The forerun and the butyric acid 
band were titrated separately, rendered alkaline and evaporated 
to dryness (7.75 mole per cent butyric acid). Four drops of 
20 n H.SO, were added to the sodium butyrate extracted with a 
mixture (1:1) of ether and petroleum ether. The solvent was 
removed in a vacuum, and the acid dissolved in 1.0 ml. of chloro- 
form and put through the silica gel column for lower fatty acids 
according to the procedure of Ramsey and Patterson (14). The 
butyric acid was purified by repeated fractionation by chromatog- 
raphy until constant specific activity was obtained. The butyric 
acid from the second and third fractionation was found to have 
the same specific activity. 

Preparation of Higher Volatile Fatty Acids—The sodium salts 
of the acids other than butyric acid were dissolved in 200 ml. of 
water to which 100 gm. of magnesium sulfate was added. Two 
ml. of 20 n H.SO, were then added and the solution was distilled 
until mass crystallization occurred. The volatile fatty acids 
(both soluble and insoluble in water) were titrated, rendered 
alkaline with NaOH, and evaporated. The sodium salts were 
then dissolved in a small quantity of water, made acidic with 
sulfuric acid, and extracted from liquid with a mixture (1:1) of 
ether and petroleum ether. Better yields were obtained by 
liquid-liquid extraction than by adding anhydrous sodium sulfate 
to the solution followed by extraction. The solvent was evapo- 
rated in a vacuum and the acids were fractionated by the Ramsey- 
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Patterson (14) procedure for higher volatile fatty acids. Seven 
gm. of silica were employed, a procedure which was found to 
require 7.2 ml. of 98 per cent methanol, 0.3 ml. of the dye solution, 
and 4 drops of 1.0 N ammonia for the best separation and re- 
covery. The individual acids were rechromatographed to con- 
stant specific activity. 

Treatment of Higher Acids—The nonvolatile acids remaining 
in the residue after distillation were extracted with ether and the 
the solvent evaporated off on a water bath. The acids were 
separated into saturated and unsaturated fatty acids by a modifi- 
cation of the Twitchell procedure (15). The higher fatty acids 
were not further fractionated in view of their low specific activity. 

Assay for C'*—All assays for radiocarbon were made with a 
windowless gas flow counter and a standard scaler. The solu- 
tions were prepared for counting by transferring aliquots con- 
taining not more than 200 ug. of materials into aluminum 
planchets (14 inches diameter) and drying under an infrared 
lamp. While it was assumed that this would give “infinitely 
thin” samples, usually all planchets were made up so as to con- 
tain approximately the same weight of material in each. The 
fatty acids were counted as the sodium salts, the lactose was 
counted as such and casein was dissolved in 1.0 N HCl and 
counted in a plastic planchet. 

Rate of Blood Flow—By use of the data of Shaw et al. (16) the 
rates of blood flow through the udder in vivo were estimated from 
the levels of milk production. The actual rates obtained during 
perfusion are expressed as percentages of the estimated rates in 
vivo. 


RESULTS 


The data on acetate utilization by the perfused udder are 
shown in Table I. It will be noted that the utilization of acetate 
was appreciable and relatively uniform. The volatile fatty acids 
measured in the tissue after perfusion, though calculated as 
acetate, consisted of higher acids as well; therefore, the figures 
in Table I represent the minimal quantity of acetate metabolized. 

The rates of blood flow in the four perfusions reported in 
Table I were relatively low (30 to 50 per cent of the estimated 
rate in vivo), although they compare well with those in the 
literature. The data are presented to illustrate the relative 
uniformity of acetate uptake by the gland even at such rates of 
perfusion. 

In the three perfusions in which competition was studied, the 
rates of blood flow approached that estimated for intact udders 


TABLE I 
Utilization of acetate by perfused bovine udders 
Acetate 
Ti blood 
Perfusion No. through In blood Final content Uptake of perfused half 
perfused hal U by Utilized 
Initial | Final Perfused half Control half Metabolized| 

./100 gm. 
min. liters mg./100 ml. mg./100 gm. of tissue ki 100 mi 

6 120 6 3 33.8 12.0 31.2 2.6 0.17 

7 95 6 6.8 54.9 0.7 31.6 4.1 9.8 —5.7 3.9 0.09 

9 50 3 5.4 62.8 13.9 23.8 12.2 6.4 5.8 3.6 0.10 

10 120 7 5.9 37.4 15.0 53.3 16.8 13.7 3.1 5.5 0.16 


* Caleulated from blood flow rates. 
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TaBLeE IIA 


Summary of three udder perfusions indicating competition 
between acetate and B-hydrorybutyrate 


sate of Mean uptake of 6-hydroxybutyrate 
rate Before adding After adding uptake 
acetate acetate 
mg./100 ml. blood 
76 75 5.2 (3)* 1.4 (3) 5.8 (2) 
80 80 6.2 (3) 0.5 (2) 5.5 (2) 
82 110 3.2 (3) 0.8 (1) 5.6 (1) 
4.8 1.0 5.6 
Standard deviation of 
| +0.25 +0.15 ‘0.12 


* Numbers in parentheses refer to number of arteriovenous 
differences. 


TABLE IIB 


Effect of addition of acetate on utilization of B-hydrorybutyric acid 
by perfused udder (perfusion 82) 


8-Hydroxybutyric acid in blood Acetic acid in blood 
ow 
Arterial Venous | ~ | Arterial Venous | 
min. ml./min mg./100 ml. | mg./100 ml. 
0 : | | 
3 800 | 
23 950 56.7 54.3 2.4 . | 
38 1060 53.4 49.8 3.6 . | 
50 1100 47.4 43.9 3.5 " 
65 1200 41.5 40.7 0.8 10.0T 4.3 5.7 
71 1300 42.2 34.2 5.0. 1.2 


* Arterial acetate was too low to be measured (less than 0.05 


mg./100 ml.). 
t+ 2 gm. of sodium acetate were added at 52 minutes perfusion 


time. 


TABLE III 
Specific activities of milk components isolated from milk recovered 


after perfusion of isolated bovine udder with 1 mc. of 
CH;-CHOH -CH.C'“OOH in the blood 


Component Specific activity 


im 315 10¢ e.p.m./umole 


770 c.p.m./pmole 
590 c.p.m./umole 
1118 ¢.p.m./umole 
1396 c.p.m./umole 
1226 c.p.m./pmole 
19 c.p.m./pmole 
Negligible 


Total VSFA* from milk fat. ....... 
Longer chain acids............... 


* Volatile soluble fatty acids. 
t Volatile insoluble fatty acids. 
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in situ. The data obtained from these three perfusions are 
summarized in Table IIA and the data for one of the perfusions 
(No. 82) is given in somewhat greater detail in Table IIB. 

It will be seen that the uptake of B-hydroxybutyrate was 
reduced markedly during uptake of acetate. The arteriovenous 
differences for acetate compare well with those found for live 
cows (4). The values for 8-hydroxybutyrate uptake before 
addition of acetate are quite similar to those recorded at about 
the same arterial levels of B-hydroxybutyrate in live cows (1). 
The possibility of abnormal metabolism of acetate and B-hy- 
droxybutyrate by these perfused udders, therefore, appears re- 
mote. 

The specific activities of the various components of milk 
recovered from the perfusion in which carboxyl-labeled 6- 
hydroxybutyrate was used are found in Table III. It was found 
that there was an appreciable incorporation of label into milk 
fat and casein but little activity was observed in lactose. The 
incorporation of the label into the short chain fatty acids was 
especially high; the specific activity of caproic acid (¢.p.m. per 
umole) was almost twice that of butyric acid. The specific 
activity levelled off in the Cs and Cy acids. Negligible in- 
corporation was found in the Cy and higher acids. 


DISCUSSION 


The presence of acetate depresses the uptake of 6-hydroxy- 
butyrate by the perfused bovine udder (Tables ITA and IIB). 
The limitations and the advantages of the perfusion technique 
are too well recognized to merit detailed discussion here. <A 
study of the present type is not readily conducted without the 
aid of the perfusion but the application of these findings to the 
behavior of the udder in situ in the live cow must be made with 
the proper reservations. 

8-Hydroxybutyrate is present in the normal bovine arterial 
blood to the extent of 3 to 6 mg./100 ml. Normally there is no 
marked diurnal variation in the blood levels of B-hydroxy- 
butyrate (1), whereas arterial acetate levels exhibit diurnal tides 
of considerable magnitude (4). The competition between 
acetate and 6-hydroxybutyrate may be a mechanism whereby 
acetate may be utilized efficiently in spite of the large diurnal 
tides in the blood. Butyrate appears to participate in the net 
synthesis of carbohydrate in the ruminant by pathways not 
involving acetate (6, 7); hence an additional advantage of such 
competition might be in the sparing of the glucose precursors 
in an animal that has no direct dietary source of glucose. The 
low specific activity of lactose (Table III) indicates that there is 
no appreciable carbohydrate synthesis from four carbon inter- 
mediates in the isolated udder or that the carboxy] group is lost 
during the synthesis. 

Since glucose is the precursor of lactose, the differences between 
the data recorded herein and those reported by Kleiber et al. (6) 
and McCarthy et al. (7) can best be explained on the basis that 
(, intermediates are converted to carbohydrate elsewhere. 

The data are consistent with the beliefs that the substrate was 
reduced directly to butyrate and that the C, pool in the perfused 
udder is negligible in size (5). The C. moieties of B-hydroxy- 
butyrate could not have been utilized identically; a preferential 
utilization of the carboxyl end of the molecule for lipogenesis 
(17) is the possible explanation for the higher specific activities 
of the Cs, Cs, and Ci compared to the C, volatile fatty acids of 
the milk fat. Lauric and higher acids were negligibly labeled; 
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this is in contrast with the work of Cowie et al. (5) on acetate, 
where appreciable labeling was found up to and including palmitic 
acid. Popjak et al. (18) suggested, on the basis of earlier studies 
by Shaw and Knodt (1), that 8-hydroxybutyrate was perhaps 
the C, precursor for the volatile fatty acids of milk which was 
even more important than acetate. The work of Kleiber et al. 
(6) and McCarthy et al. (7) would preclude butyrate as such from 
being this precursor; it is now certain that this precursor is 
8-hydroxybutyrate. 

The diminution in the molar percentage of short chain fatty 
acids of low ruminant milk fat during fasting (15) or during 
ketosis (16) is not attributable simply to the absence of dietary 
acetate and the change takes place in the presence of high levels 
of B-hydroxybutyrate in blood. It seems logical to assume that 
mammary lipogenesis from C,; fragments is inhibited by fasting, 
by a mechanism similar to that operating in the inhibition of 
hepatic lipogenesis (19) by fasting. This assumption is strength- 
ened by the fact, now well recognized, that the molar percentage 
of butyrate in bovine milk fat is not reduced as markedly or as 
quickly by fasting as the molar percentage of caproic, caprylic, 
and capric acids (15), indicating that, while mammary lipogene- 
sis from C, units is inhibited, direct reduction of B-hydroxybu- 
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tyrate can maintain butyrate levels relatively high in the milk 
fat. This is further strengthened by the observation by Keeney 
(13) that the molar percentage of butyrate in commercial butter 
is relatively uniform in spite of the wide fluctuations in the 
Reichert-Meissl value (which is an arbitrary measure of the C, 
and C, fatty acids) and the Polenske value (which is an arbitrary 
measure of the volatile insoluble Cs, Cio, and Cj. volatile fatty 
acids). 


SUMMARY 


The carboxyl carbon of C'-labeled 8-hydroxybutyrate was in- 
corporated appreciably into milk fat and casein by the perfused 
lactating bovine udder. Negligible incorporation was found in 
lactose. The volatile fatty acids of milk fat were labeled in such 
a manner as to indicate an asymmetrical utilization of the sub- 
strate, the carboxyl end being preferentially utilized. 

The uptake of 6-hydroxybutyrate from the blood by the per- 
fused lactating bovine udder was shown to be depressed by the 
presence of acetate; acetate was taken up preferentially. 
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R. Jacobson during the latter phases is gratefully acknowledged. 
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The fundamental] investigations of Touster et al. (1) and Holl- 
mann and Touster (2) have demonstrated that L-xylulose is con- 
verted to p-xylulose by two pyridine nucleotide linked dehydrogen- 
ases active on a common substrate, xylitol. The reactions may 
be written as follows: 


L-Xylulose + TPNH + H* = xylitol + TPN* (1) 
Xylitol + DPN* = p-xylulose + DPNH + Ht (2) 


In an attempt to utilize these reactions for the quantitative 
determination of the stereoisomers of xylulose, the original 
method of preparation of Hollmann and Touster (2), which in- 
volved the butanol solubilization of guinea pig mitochondria, was 
investigated. In our hands, the enzymes so obtained could not 
be used for assay purposes due to their apparently low substrate 
affinity. Further investigation revealed that a water extract of 
guinea pig liver acetone powder yielded a high potency prepara- 
tion which contained both enzymes and was suitable for analyti- 
cal use. The ready resolution and purification of these enzymes 
permitted the development of a rapid, sensitive assay capable of 
measuring either L- or D-xylulose alone or in mixtures. 


EXPERIMENTAL 


Materials—v-X ylulose was prepared by the action of Acetobac~ 
ter suboxydans on p-arabitol (3). The arabitol was a gift of Dr. 
H. B. Wood of this institute. L-Xylulose and p- and L-ribulose 
were prepared as described previously (4). Sedoheptulose was 
generated from the crystalline hexaacetate provided by Dr. N. 
Richtmeyer, by treatment with sodium methoxide. L-Erythru- 
lose was a gift of Dr. B. L. Horecker. Alumina gel Cy was pre- 
pared as described by Willstatter et al. (5) and calcium phosphate 
gel by the method of Keilin and Hartree (6). All other sub- 
strates and cofactors were obtained from commercial sources. 

Analytical Procedures—Free ketopentose concentrations were 
measured by the cysteine carbazole method (7) as described pre- 
viously (8). Protein was determined by the optical method of 
Warburg and Christian (9) or by the phenol method of Lowry 
et al. (10). 

Enzyme activities were followed by observing the rate of oxi- 
dation of reduced pyridine nucleotides at 340 my in the Beckman 
DU Spectrophotometer with the use of D- or L-xylulose as sub- 
strate. A unit is defined as that amount of enzyme which will 
catalyze an optical density decrease of 1.0 per minute under the 
conditions of the assay. Specific activity is defined as the num- 
ber of units per mg. of protein (Fig. 1). 

* Submitted in partial fulfilment of the requirements for the 


degree of Doctor of Philosophy in Chemistry at Georgetown 
University, Washington, D. C. 


Purification of TPN-Xylitol (t-Xylulose) Dehydrogenase 

Extraction—Guinea pig liver acetone powder, 5 gm., was sus- 
pended in 100 ml. of distilled water, stirred for 10 minutes at 
room temperature, and centrifuged. The clear, dark-colored 
supernatant solution (Fraction 1) which contains both the TPN- 
and DPN-linked dehydrogenases, is not stable and must be car- 
ried rapidly through the ammonium sulfate step before the en- 
zyme can be stored. 

Fractionation—The extract was heated rapidly to 50° in a boil- 
ing water bath and then transferred to a constant temperature 
bath at 50° for 5 minutes. The solution was then chilled in ice 
to room temperature and adjusted to pH 5.8 with 1.0 N acetic 
acid. The precipitate was removed by centrifugation and re- 
jected; the supernatant fluid represents Fraction 2. 

Fraction 2, which contained 575 mg. of protein was treated 
with an equal amount (575 mg. dry weight) of calcium phosphate 
gel. The purification obtained was by absorption of inactive ma- 
terial and the gel suspension was centrifuged to minimize volume 
increases. Thus 96 ml. of the gel preparation containing 6 mg. 
of calcium phosphate gel per ml. were centrifuged and the gel 
suspended directly in the enzyme solution. After standing 10 
minutes at 0° the preparation was centrifuged and the gel dis- 
carded (Fraction 3). 

The clear, straw-colored supernatant fluid was treated with an 
equal volume of a cold (2°), saturated ammonium sulfate solu- 
tion, which had been previously adjusted to pH 8.0 with con- 
centrated NH,OH. After standing at 0° for approximately 15 
minutes the precipitate, containing the TPN-dehydrogenase, was 
collected by centrifugation and dissolved in a small volume of 
water (Fraction 4). 

The supernatant solution (Fraction 5) (0.5 of saturation) con- 
taining the DPN-dehydrogenase can be saved for the preparation 
of this enzyme if so desired. This solution was found to be stable 
for several weeks at 0°. 

Fraction 4, 5 ml., was chilled in an alcohol-ice mixture to 0° 
and 5.0 ml. of cold acetone (—14°) were slowly added. During 
the course of the addition the temperature of the mixture was 
gradually lowered to —8°. The precipitate, containing approxi- 
mately 20 per cent of the total activity was removed by centrifu- 
gation and rejected. A second 5 ml. of acetone were added to 
the enzyme as above and the precipitate collected and dissolved 
in 2 ml. of water (Fraction 6). This solution constitutes a 
highly active preparation of the TPN-dehydrogenase of approxi- 
mately 100-fold purification and is completely free of DPN-de- 
hydrogenase activity. A summary of the purification procedure 
is given in Table I. 

Purification of DPN-Xylitol (p-Xylulose) Dehydrogenase—To 
178 ml. of Fraction 5 described above were added 16.4 gm. of 
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Fic. 1. Relationship between the reaction rate and the enzyme 
concentration with the use of a crude extract. The reaction mix- 
ture contained 40 pumoles of tris(hydroxymethy])aminometh- 
ane buffer, pH 7.0, 1.0 umole of cysteine, 0.10 wymole of TPNH 
or DPNH, 5.0 umoles of MgCl, and 1.0 umole of p- or L-xylulose 
in a total volume of 1.0 ml. 


TABLE 
Summary of enzyme purification 
TPN- DPN- 
dehydrogenase | dehydrogensae 
Treatment Volume protein 
o. Total | Specific | Total Specific 
units | activity | units jactivity 
ml mg units/mg. unit/meg. 
1 Crude extract 89  |1080 600 | 0.56 | 555 | 0.51 
pH precipitation | 84 575 400 | 0.70 | 436 | 0.76 
3. | Calcium phos- 89 190 460 | 2.4 | 840 | 4.4 
phate 
4 Ammonium sul- 5.0} 76.5 390. 5.1 0:0 
fate (0-0.5 | | 
saturation) | 
6 | Acetone 2.0 2.36150 638 £O|O0 
7 | Ammonium sul- 5 80 0; O 550 | 6.9 
fate (0.5-0.65 | 
saturation) | | 
8 Acetone 2 11.3 0 | 0 | 260 23 


solid ammonium sulfate to bring the concentration to 65 per cent 
of saturation. After standing 15 to 20 minutes at 0° the precipi- 
tate was collected by centrifugation and dissolved in a small 
amount of water (Fraction 7). 

To 5.0 ml. of Fraction 7, chilled to _9° were added 2.5 ml. of 
cold acetone (—14°), the temperature of the mixture being grad- 
ually lowered to —8° during the course of the addition. The 
solution was centrifuged at 0° and the precipitate was rejected. 
Another 2.5 ml. of cold acetone were added to the supernatant 
fluid and the precipitate was collected and dissolved in 2 ml. of 
water. This preparation, representing a 40-fold purification, was 
stable at —10° for several weeks if repeated freezing and thawing 
were avoided. 


Properties of Enzymes 


Stability—Both the TPN- and DPN-linked dehydrogenases are 
unstable in the crude state and preparations should be brought 
to the ammonium sulfate step to avoid extensive destruction of 
the enzymes. After ammonium sulfate fractionation the prepa- 
rations may be stored at ice box temperatures for several days 
without noticeable loss of activity. 

Effect of pH—The reaction with either enzyme proceeds with 
maximal velocity at pH 7.0 (Fig. 2). The rates of reaction de- 
clined sharply on either side of the maximum. 
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Inhibitors and Activators—The partially purified enzymes re- 
quire cysteine (10~* m) for optimal activity. The TPN- and — 
DPN-dehydrogenases were inhibited completely by p-chloro- 
mercuribenzoate at 107-3? m. Neither enzyme was inhibited by 
Versene (ethylenediaminetetraacetate), or iodoacetate at 107? m 
although an iodoacetate inhibition of the DPN-xylitol dehy- 
drogenase in guinea pig liver has been reported by Hollmann and 
Touster (2). No evidence for a metal cofactor was obtained. 

Substrate Specificity—The TPN-dehydrogenase appears to be 
specific for L-xylulose. The DPN-dehydrogenase is less specific, 
in that the most highly purified preparations utilized L-erythru- 
lose at the same rate as D-xylulose and had minimal activity with 
L-xylulose, D-fructose, and t-ribulose (Table I1). The TPN de- 
hydrogenase was inactive when DPNH was substituted for 
TPNH; the DPN enzyme exhibited a corresponding specificity. 

Effect of Substrate Concentration—The rate of oxidation as a 
function of L-xylulose concentration with the TPN-enzyme is 
given in Fig.3. The K,, calculated from a Lineweaver-Burk plot 
(11) was 2.9 X 10-4 m. With the DPN-enzyme, the K,, was 
6.6 X 10-4 (Fig. 4). 

Maximal velocity was obtained at a p-xylulose concentration 
of 1 X 10-*m. Substrate concentrations in excess of this value 


DEHYDROGENASE 
TPN 


DPN 


REACTION 
VELOCITY 


40 60 80 10 
pH 


Fig. 2. Variation of xylitol dehy drogenase activities with pH. 
Assay conditions are as described in Fig. 1. TPN enzyme, 16 ug., 
(calcium phosphate gel, specific activity = 24) and 11 ug. of DPN 
enzyme (calcium phosphate gel, specific activity = 4.4) were used. 
All determinations were made with phosphate buffers. 
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TABLE II 
Substrate specificity 


The reaction mixture contained 40 ywmoles of tris(hydroxy- 
methyl)aminomethane buffer, pH 7.0; 1.0 umole cysteine; 0.10 
umole TPNH or DPNH; 5.0 pmoles MgCl.; 0.09 unit of enzyme; 
and 1.0 umole of the respective substrate in a total volume of 1.0 
ml. The specific activity of the TPN-dehydrogenase was 63; 
that of the DPN-dehydrogenase, 23 (Table I). 


| Maximum activity 


Substrate | 
‘TPN-dehydrogenase DPN -dehydrogenase 
| % % 
100.0 3.9 
6.5 3.0 
p-Xylose. 0.0 0.0 
D- Altroheptulose . . 0.0 0.9 
0.0 109.0 
p-Galacturonic acid............ 0.0 0.0 
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lead to a marked inhibition. All determinations were made with 
pyridine nucleotide concentration of 1 & 10-4 M. | 
Stoichiometry—At pH 7.0 and in the presence of an excess of 
the reduced pyridine nucleotides and the corresponding dehy- 
drogenase, D- and L-xylulose were completely reduced to xylitol. 
In the range of 0.01 to 0.06 umole of substrate, stoichiometric 
amounts of DPNH or TPNH were oxidized (Figs. 5 and 6). 
Reversilility—In order to demonstrate the reversibility of these 
reactions it was necessary to raise the pH of the reaction mixture 
to 10 and to increase the substrate concentrations 10- to 20-fold. 
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Fic. 3. The effect of L-xylulose concentration on the reaction 


velocity. The assay conditions were as described in Fig. 1 and 
contained 1.0 wg. of enzyme (specific activity = 63). Ordinate 
indicates umoles reacting in 5 minutes. 
06 
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Fic. 4. The effect of p-xylulose concentration on the reaction 
velocity. The assay conditions were as described in Fig. 1 and 
contained 2.8 wg. of enzyme (specific activity = 23). Ordinate 
indicates ywmoles of p-xylulose reacting in 5 minutes. 


Assay for Xylulose 
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Fic. 5. Stoichiometry of TPN-dehydrogenase reaction. 
lulose concentration .02, and .03 uM, respectively. 
indicate theoretical values. 


L-Xy- 
Dotted lines 
The reaction conditions were as 
described in Fig. 1 with 1.0 unit of enzvme (specific activity = 60). 
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Fic. 6. Stoichiometry of the DPN-dehydrogenase reaction. 
p-Xvlulose concentration .021 um and .039 uM, respectively. Dot- 
ted line indicates theoretical value. The reaction conditions were 
as described in Fig. 1 with 1.0 unit of enzyme (specific activity 


= 23). 


Significant reduction required the addition of a large excess of 
enzyme. No activity was obtained with p- and L-arabitol, p-ribi- 
tol, p-sorbitol, or L-iditol with the TPN-enzyme. However, 
under these conditions, activity of the DPN-dehydrogenase could 
be demonstrated with all the above sugar alcohols except for p- 
arabitol. 


DISCUSSION 


The nomenclature of the enzymes involved in the conversion 
of t-xylulose to p-xylulose has not been definitely established. 
In agreement with a suggestion from Dr. Touster' the following 
names are proposed: TPN-xylitol (L-xylulose) dehydrogenase, 
and DPN-xylitol (p-xylulose) dehydrogenase. 

Because of the high affinity of the dehydrogenases for their 
respective substrates these reactions have been found to be suit- 
able for the quantitative determination of extremely small 
amounts of the respective sugars. 

The TPN-linked enzyme appears to be specific for L-xylulose, 


1 Personal communication. 
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whereas the DPN-dehydrogenase reacts equally well with p-xy- 
lulose and L-erythrulose. Since the presence of L-erythrulose can 
be determined colorimetrically by the method of Dische and 
Dische (12), this lack of specificity should not interfere with the 
usefulness of the assay for p-xylulose. Moreover, the fact that 
t-erythrulose is utilized may prove of value as an analytical tool 
for the investigation of tetrose metabolism. 


SUMMARY 


A rapid enzymatic assay method for the determination of p- 
and .-xylulose alone or in mixtures has been described. The 
assays depend upon the specificities of two enzymes, TPN-xylitol 
(L-xylulose) dehydrogenase, and DPN-xylitol (p-xylulose) dehy- 
drogenase. The enzymes have been purified from a guinea pig 
acetone powder. A study of their properties is reported. 
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Biosynthesis of Glycolate and Related Compounds from 
Ribose-1-C" in Tobacco Leaves* 
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Previous work in this laboratory has shown that the a carbon 
of glycolate, the a carbon of glycine, and the 8 carbon of serine 
are efficient precursors for the methyl groups of nicotine and 
lignin in tobacco plants (1-3) and of pectin in radish plants (4). 
However, a metabolic pathway by which methyl groups may be 
synthesized from carbon dioxide in the photosynthetic process 
has not been elucidated. Glycolate appears to be a key inter- 
mediate in methyl] group formation since it is utilized for syn- 
thesis of glycine and serine (5, 6) and, after administration of 
C40., it is labeled rapidly in photosynthesis (7, 8). The mecha- 
nism of formation of glycolate is not known, although there has 
been some speculation concerning its origin. Wilson and Calvin 
(9) have suggested that glycolate is synthesized from the pentose 
phosphates of the photosynthetic cycle. Recently, Weissbach 
and Horecker (10) reported that ribose-1-C'-5-phosphate was 
converted, in an extract from spinach leaf, to glycine labeled 
predominantly in the a carbon, and presumably glycolate was 
an intermediate in this reaction. 

Because of the possible importance of glycolate, and com- 
pounds formed from it, as precursors of methyl groups, it seemed 
of interest to study the biogenesis of these compounds in de- 
tached tobacco leaves. 

The present study demonstrated that radioactive glycolate, 
glycine, serine, and alanine were synthesized from p-ribose-1-C™ 
when the sugar was metabolized by tobacco leaves in light and 
in the dark. Illumination of leaves during the period of metabo- 
lism increased the total amount of C™ incorporated into various 
compounds, but the distribution of C™ within these compounds 
in light and dark metabolism was similar. The C' was incor- 
porated principally into the a carbon atoms of glycolate and 
glycine, and into the @ and 8 carbons of serine. Alanine was 
labeled predominantly in the @ carbon. 


EXPERIMENTAL 


Leaves, weighing 0.5 to 0.6 gm., from 3-month-old tobacco 
plants (Nicotiana rustica L.) were used in this study. Samples 
of p-ribose-1-C to be fed to the plants were cochromatographed 
with authentic D-ribose in an aqueous phenol solvent (11).1_ One 


* The data were taken from a thesis presented by Thomas Griffith 
in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy at Michigan State University. The work was sup- 
ported by a grant from the National Institutes of Health. This 
paper was presented in part at the meeting of the American So- 
ciety of Plant Physiologists in Bloomington, Indiana, August 
1958. 

1We are indebted to Dr. Martin Gibbs for our first sample of 
ribose-1-C'*. The remainder was purchased from Nuclear-Chi- 
cago Corporation, Chicago, Illinois. 


radioactive area was detected, and the Rr value was the same as 
that of the authentic sample of p-ribose in each case. 

The detached leaves were vacuum infiltrated with an aqueous 
solution containing 2 mg. of p-ribose-1-C™ (8 x 105 ¢.p.m.) per 
ml., and each leaf took up about 0.25 ml. of solution. One group 
of leaves was placed in a dark box and another group in light. 
The leaves were removed 3 hours after administration of the 
radioactive ribose, cut into small pieces, and placed in boiling 
80 per cent ethanol. The mixture was cooled, disintegrated in 
a glass homogenizer, and filtered. The filtrate was used for isola- 
tion of the amino acids and glycolic acid. 

Isolation and Purification of Glycine, Serine, Alanine, and 
Glycolic Acid—The amino acids were separated from the leaf 
extracts by one-dimensional paper chromatography. Three 
solvents were employed in the following order: tert-amy] alcohol 
saturated with acetate buffer, pH 5.6 (12); phenol saturated with 
an aqueous solution containing 3.7 per cent of sodium dihydro- 
gen phosphate and 6.3 per cent of sodium citrate (11); and pyri- 
dine and water (13:7 by volume) (11). The amino acids were 
eluted from the chromatogram with water, and the eluate was 
placed on another filter paper sheet for resolution with the suc- 
ceeding solvent system. After resolution with the third solvent, 
the amino acids were eluted, from 20 to 100 mg. of carrier amino 
acid were added to the solution, and the radioactive amino acids 
were crystallized. The amino acids were then recrystallized 
to constant specific activity, two recrystallizations usually being 
sufficient. 

Glycolic acid was separated from the leaf extract by paper 
chromatography. Two solvents were used; the first was com- 
posed of chloroform, 95 per cent ethanol, and 90 per cent formic 
acid (1:1:0.01 by volume) and the second was isooctane, 95 
per cent ethanol, acetone, and 90 per cent formic acid (4:4:1:0.01 
by volume) (13). 

The glycolic acid was eluted with water and recrystallized with 
carrier calcium glycolate. Calcium glycolate was converted 
to carbon dioxide by combustion for determination of the specific 
activity. 

Unchanged ribose was estimated by chromatographing the 
leaf extract with tert-amyl] alcohol saturated with acetate buffer, 
pH 5.6, and measuring the radioactivity in a spot corresponding 
in Rp value with that of authentic p-ribose. 

Degradation Procedures—Glycine was degraded by the ninhy- 
drin method (14), and the carbon dioxide was collected as barium 
carbonate. The formaldehyde formed from the @ carbon was 
collected as the dimedon derivative. 

Serine was degraded by the procedure of Bassham et al. (15) 
with modifications suggested by Aronoff (8). The amino acid 
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was oxidized with periodic acid, and the formaldehyde was iso- 
lated as the dimedon derivative. The glyoxylic acid remaining 
was oxidized with 0.5 m cerate in 6 m perchloric acid,? and the 
carbon dioxide was collected as barium carbonate. Calcium 
glycolate was degraded by the procedure used for glyoxylic acid. 

Alanine was degraded (14) with ninhydrin, and the carbon 
dioxide was isolated as barium carbonate. The remaining 
acetaldehyde was allowed to react with sodium hypoiodite, and 
the iodoform arising from the 8 carbon was converted to carbon 
dioxide by combustion. The remaining formic acid, which rep- 
resented the a carbon of the alanine, was oxidized to carbon 
dioxide with mercuric oxide and was collected as barium car- 
bonate. 

Determination of Radioactivity—The radioactivity of the var- 
ious compounds was determined with a Nuclear-Chicago 192x 
scaler and a Tracerlab model SC-16 proportion flow counter. 
The specific activity of all compounds was corrected for self- 
absorption. Radioactivity on paper chromatograms was meas- 
ured with a Forro Scientific Company paper strip scanner. 


RESULTS AND DISCUSSION 


About 20 per cent of the p-ribose-1-C™ administered in the 
light was recovered unchanged from the leaves after the 3-hour 
metabolism period, whereas 40 per cent was recovered unchanged 
from the leaves allowed to metabolize in the dark. 

About 0.5 per cent of the radioactive carbon administered was 
incorporated into glycine and glycolate, 1 per cent into serine, 
and 3 per cent into alanine in the light, whereas, in the dark, 
alanine and serine each contained about 0.5 per cent and glycolate 
about 0.1 per cent of the administered radioactivity. Glycine 
from leaves fed ribose in the dark was not degraded since it con- 
tained an insignificant quantity of C'*. This result is in agree- 
ment with other reports which show little or no synthesis of gly- 
cine in the absence of light (7, 16). The distribution of C"“ 
in glycine, serine, glycolate, and alanine isolated from leaves 
which were administered p-ribose-1-C' in the light and in the 
dark is presented in Table I. Two separate degradations were 
made of each compound, with the exception of glycolate from 
leaves fed p-ribose-1-C™ in the dark, and the values reported 
are the averages of these two analyses. The duplicate analyses 
agreed within 10 per cent. 

The location of C“ within the molecules was similar in both 
light and dark experiments. Glycolate and glycine had es- 
sentially the same distribution of C™ in the carboxyl and a@ 
carbons, and serine had a similar distribution in these carbons. 
These results confirm the known interconversions of these three 
compounds (5, 6), and indicate that they arise in large part from 
a common two-carbon precursor (17,18). In animal metabolism, 
serine has also been shown to arise from a three-carbon precursor, 
3-phosphoglyceric acid (19). In addition, it has been suggested 
that serine may be synthesized in plants by a similar mechanism, 
or by a direct conversion of alanine to serine (14, 20). The dis- 
tribution of C™ in alanine and serine was not similar, and it may 
therefore be concluded that at best only a small proportion of 
serine was synthesized directly from alanine. 

Serine contained slightly more C™ in the 8 carbon than in the 
acarbon. Tolbert and Cohan (5) fed plants glycolic acid-2-C™ 
and isolated serine labeled about equally in the a and 6 carbons. 


2 The cerate was purchased from the G. Frederick Smith Chem- 
ical Company, Columbus, Ohio. 
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Distribution of radioactivity in several products after metabolism 
of ribose-1-C'4 in detached tobacco leaves in light and in dark 


Per cent of total radioactivity in each carbon of molecule 
Compound Carboxy] carbon a-Carbon B-Carbon 
Light Dark Light Dark Light Dark 
Glycolate...| 36 31 74 65 
Glycine..... 29 68 
Serine...... 11 6 38 38 44 52 
Alanine..... 14 24 9 7 63 62 


In their experiments, the carbon chain of glycolate was incor- 
porated unchanged into the carboxyl and a@ carbon of serine. 
The 8 carbon of serine was synthesized from the @ carbon of 
glycolate with little or no dilution, and thus it appeared that the 
one-carbon pool was small. 

In order to account for the higher specific activity of the 8 
carbon of serine in the present experiments, one can assume that 
the one-carbon pool, synthesized from the a carbon of glycolate, 
also was small as compared to the glycine pool. 

Wilson and Calvin (9) have suggested that glycolate is syn- 
thesized in the photosynthetic carbon cycle by a cleavage of a 
glycolyl-enzyme complex, an intermediate in transketolase reac- 
tions. Thus, the carbon chain of glycolate would be synthesized 
from carbon atoms | and 2 of pentose phosphates. If no random- 
ization of C' occurred when p-ribose-1-C™ was administered to 
leaves, the glycolate produced by this mechanism would be la- 
The observed labeling pattern shows 
substantial incorporation of C™“ into the carboxyl carbon. This 
distribution of C may be explained by known enzymatic reac- 
tions. Horecker et al. (21) have demonstrated the conversion of 
ribose-1-C'* 5-phosphate to hexose phosphate labeled in car- 
bon atoms | and 3 in a rat liver preparation. The enzymes 
necessary for these reactions have been shown to occur in plant 
tissues (22). Oxidation of hexose phosphate through the pen- 
tose shunt would yield pentose phosphates labeled in carbon 2. 
Thus, both pentose phosphate-1-C™ and -2-C" would be present. 
Synthesis of a two-carbon compound from these pentose phos- 
phates would result in glycolate which would be labeled in the 
a carbon and, to a lesser extent, in the carboxyl carbon. 

The synthesis of glyoxylate by way of the glyoxylate cycle 
(23) followed by utilization of the glyoxylate as a precursor of 
glyecolate, glycine, and serine is another possible metabolic path- 
way. However, Carpenter and Beevers (24) have reported 
that the enzymes of the glyoxylate cycle could be demonstrated 
only in certain plant tissues which had a high lipide content and 
could not be detected in the tobacco plant. It therefore ap- 
pears unlikely that glycolate is produced from ribose by way of 
the glyoxylate cycle in these studies. 

The results of the present experiments show that glycolate, 
glycine, and serine were synthesized from a two-carbon precursor 
which probably arose from carbon atoms | and 2 of a pentose in 
the photosynthetic carbon cycle. Since it was previously dem- 
onstrated that these compounds contribute to the one-carbon 
pool in plant metabolism, a pathway by which methyl groups 
can be synthesized from photosynthetic carbon dioxide is there- 
fore established. 


as 

Pr 

p 

it. 

g 

in 

a- 

d 

af 

ol 

h 

t, 

1S 

g 

Cc 

5 

Cc 

e 

) 


SUMMARY 


1. Vacuum infiltration of Nicotiana rustica leaves with p-ri- 
bose-1-C™ resulted in the synthesis of radioactive glycolic acid, 
glycine, serine, and alanine. 

2. Illumination of leaves during the period of metabolism in- 
creased the total amount of C™ incorporated into these com- 
pounds, but the distribution of C“ within the compounds was 
similar in light and dark metabolism. 
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3. The C™ was incorporated principally into the a@ carbons 
of glycolate and glycine, the a and B carbons of serine, and the 
B carbon of alanine. The pattern of labeling in these compounds 
was taken as evidence that carbon 1 and 2 of pentoses gave rise 
to glycolate which was then converted to glycine and serine. 

4. The labeling of alanine after administration of ribose-1-C" 
indicated that serine was synthesized mainly by a one-carbon 
plus two-carbon condensation and only to a small extent from 
alanine or a related three-carbon compound. 
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Propionic Acid Metabolism 


Il. ENZYMATIC SYNTHESIS OF LACTYL PANTETHEINE 
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‘|he study of propionate metabolism in a number of systems 
(1-S) has revealed that propionate is initially activated to 
propionyl coenzyme A and then dehydrogenated to acrylyl 
coenzyme A, Subsequent metabolism of acrylyl-CoA has been 
shown to lead to either B-alanyl-CoA, as recently reported by 
this laboratory (6), or B-hydroxypropionyl-CoA (7, 8). 

A search for other enzyme systems capable of catalyzing the 
decomposition of acrylyl pantetheine, which has been used in 
place of acrylyl-CoA (1, 6), has revealed a new pathway. Ex- 
tracts of a microorganism, Pseudomonas sp. (isolated from an 
aerobic enrichment culture! containing propionic acid as the 
only source of carbon and hydrogen) and of pigeon heart muscle, 
contain an enzyme that catalyzes the hydration of acrylyl pan- 
tetheine to form lactyl pantetheine: 


CH.2=—CHCOSPa + — CH;,CHOHCOSPa (1) 


This report describes the new enzyme, acrylyl-CoA hydrase, 
and presents evidence that the product of the reaction is lactyl 
pantetheine. An enzyme that catalyzes the deacylation of 
lactyl-CoA is also described. 


METHODS 


Chromatographic comparison of hydroxamic acid derivatives 
of thiolesters was used extensively in the studies described below. 
Thiolesters were converted to their hydroxamic acids and pre- 
pared for chromatography as described previously (9). Table I 
presents the Rp values, in two solvent systems, of the major 
compounds that were studied. 

The characteristic alkali lability of most thiolesters (10) was 
made use of in two ways. First, the amount of a saturated 
thiolester present could be assayed by noting the decrease in 
ultraviolet absorbance at 232 my caused by hydrolysis. It was 
assumed that the extinction coefficient of lactyl pantetheine is 
the same as that of lactyl-N-acetyvlcysteamine (11). Lactyl 
thiolesters were hydrolyzed in 0.5 N potassium hydroxide for 30 
minutes at room temperature. Second, the products of the 
hydrolyzed thiolester could be studied and identified. Lactic 
dehydrogenase was utilized in identification of the lactate from 
the hydrolyzed lactyl pantetheine. The equilibrium of the 
lactic dehydrogenase reaction strongly favors lactate (12). A 
mechanism used to force the complete oxidation of lactate was 
the coupling of the lactic dehydrogenase system to 2,3,5-tri- 
phenyltetrazolium chloride (TTZ) as a terminal electron acceptor 


' This organism was isolated from soil enrichment cultures by 
Dr. W. B. Jakoby. 


(with a diaphorase as an electron carrying intermediary). 2,3,5- 
Triphenyltetrazolium chloride has the advantage of being color- 
less and soluble in the oxidized form, whereas it is red and in- 
soluble when reduced to a formazan (13). The reactions can 
be visualized as follows: 


lactic 
dehydrogenase 
Lactate + DPN* > pyruvate + DPNH + H* (2) 
diaphorase 
DPNH + H?* + flavin > flavin H, + DPN* (3) 
TTZ + flavin Hz — formazan + flavin (4) 
Sum: lactate + TTZ — pyruvate + formazan (5) 


Experimental conditions were adjusted so that the amount of 
2,3,5-triphenyltetrazolium chloride reduced was proportional 
to the quantity of lactate added. There was a straight line 
relationship between lactate added (0.025 to 0.15 umole) and 
the intensity of color produced (Fig. 1). No color was produced 
when lactic dehydrogenase was omitted. Substitution of B- 
hydroxypropionate for lactate led to no formazan formation. 
This system provided a convenient quantitative assay for lactate 
which clearly differentiated it from 8-hydroxypropionate. 

The calcium salt of L(+)-lactic acid (California Foundation 
for Biochemical Research) was converted to the free acid by pass- 
ing it over a small Dowex 50 column in the hydrogen form. 
Lactyl thiolesters? of both pantetheine and CoA were prepared 
by the method of Wieland and Képpe (14). Lactyl pantetheine 
was purified by paper chromatography (n-butanol-water, 
100:18); lactyl-CoA was chromatographed in a different solvent 
system (equal volumes of ethanol and 0.1 N sodium acetate, 
pH 4.5). Both compounds gave single hydroxamate spots on 
chromatography in solvents A and B (Table I), had ultraviolet 
absorption maxima at 232 my, and yielded equivalent amounts of 
lactate and mercaptan after alkaline hydrolysis. 

Lactyl pantetheine was made enzymatically with the Pseu- 
domonas sp. enzyme. Incubation mixtures contained 50 umoles 
of triethanolamine hydrochloride buffer, pH 7.5, 5.0 umoles of 
acrylyl pantetheine, 1.4 mg. of enzyme protein, and water to a 
total volume of 0.84 ml. A blank contained no acrylyl pante- 
theine. Samples were incubated at 30°. Aliquots were ex- 
amined spectrophotometrically for decrease in absorbance at 


2 We are indebted to Dr. H. T. Miles for assistance and advice 
in the synthesis of the lactyl thiolesters. 
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TABLE I 
Hydroxamic acid derivatives of thiolesters 
To 2.0 umoles of each of the thiolesters was added 1.0 mmole of 
neutral hydroxylamine. In each case, half of the resultant hydrox- 
amic acid was chromatographed in Solvent A (secondary butanol- 
formic acid-water, 75:13:12) and half in Solvent B (n-butanol, 
water, 100:18). 


Rr of hydroxamic acid 
Thiolester 
Solvent A Solvent B 
Acrylyl pantetheine.......... 0.20 0.15 
Lactyl pantetheine........... 0.55 0.48 
8-Alanyl pantetheine......... 0.13 0.08 
x 400 + 
300 + 
o LACTATE 
wu 
200 + “| 
100 
- B-HYDROXY PROPIONATE 
O 05 O! 02 0250.30 


MOLES SUBSTRATE 


Fic. 1. Assay of lactate with 2,3,5-triphenyltetrazolium chlo- 
ride. Each tube contained 50 wmoles of potassium phosphate 
buffer, pH 7.0; 0.05 ml. of 2,3,5-triphenyltetrazolium chloride 
solution, 50 mg. per ml.; potassium lactate or potassium #-hy- 
droxypropionate as indicated; 4.0 uymoles of DPN; 1.0 unit of 
lactic dehydrogenase; 1.5 mg. of protein of the diaphorase prep- 
aration; and water in a total volume of 0.5 ml. The tubes were 
gassed with helium for 2 minutes before the addition of diaphorase 
and then stoppered and incubated at 30° for 12 minutes. Ethanol, 
2.2 ml., was added to stop the reactions, dissolve the reduced 
2,3,5-triphenyltetrazolium chloride (formazan), and precipitate 
the protein. After removal of the precipitate by centrifugation, 
the supernatant solutions were read in a Klett-Summerson color- 
imeter with a No. 54 filter. Each value obtained was corrected 
for the slight coloration which developed in a blank that con- 
tained no added lactate. 


263 my, the absorption maximum of acrylyl pantetheine. In 
2.3 hours the acrylyl pantetheine was essentially gone. The 
reaction mixture was deproteinized by addition of 0.2 ml. of 10 
per cent perchloric acid. The precipitate was removed by 
centrifugation, and the supernatant solution was adjusted to 
pH 6.0 with 2 Nn potassium hydroxide. Purification of the 
product was carried out as with the synthetic lactyl pantetheine. 
Acryly] pantetheine and $-alany] pantetheine were prepared and 
assayed as previously described (2, 6). 

The hydroxamate of 6-hydroxypropionic acid was made by 
reacting propiolactone (Eastman Organic Chemicals) with 2.0 
mM hydroxylamine (pH 9.0). The hydroxamate was extracted 
into ethanol and then evaporated to dryness. The pure com- 
pound was recrystallized from n-butanol by the addition of water. 
This product had a melting point of 103-104° and the following 
elementary analysis: 

C;H;O;N 


Calculated: C 34.3, H 6.66, N 13.32 
Found: C 33.88, H 6.63, N 13.34 
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The zine salt of B-hydroxypropionic acid was also made from 
propiolactone. Solid zine oxide was added (in small aliquots 
with continuous stirring) to an aqueous solution of propiolactone, 
containing a few drops of phenol red indicator, until the indicator 
remained red. The solution was then evaporated to dryness, 
The zine salt was extracted into ethanol and crystallized by the 
addition of water. In order to obtain the potassium salt, a 
solution of the zinc salt was passed over a small Dowex 50 
column in the hydrogen form and then titrated with potassium 
hydroxide. 

Pseudomonas sp. was grown aerobically in the following 
medium: potassium hydrogen phosphate, 1.5 gm.; sodium 
monobasic phosphate, 0.5 gm.; ammonium nitrate, 1.0 gm,; 
sodium propionate, 2.0 gm.; yeast extract, 0.5 gm.; MgSO,-7H.0, 
0.2 gm.; and distilled water to a total volume of 1 liter. Cultures 
were harvested after 24 to 48 hours at 32°. The bacteria were 
separated by centrifugation and washed with distilled water. 
They were stored at —20°. 

Cell-free extracts of this organism were prepared by suspending 
20 gm. of cells (wet weight) in 45 ml. of 0.01 m potassium phos- 
phate buffer, pH 7.5, and disrupting them by sonic oscillation for 
2 periods of 5 minutes each in a Raytheon 10 ke. oscillator 
Magnetostrictor. The particulate material was removed by 
centrifugation for 15 minutes at 18,000 x g in a Servall angle 
centrifuge. The supernatant solution, containing 45.6 mg. of 
protein per ml., was stored at —20°. 

Ammonium sulfate fractionation of the extract was done at 0°. 
To 40.0 ml. of extract were added 3.0 ml. of 1.0 m triethanol- 
amine hydrochloride buffer, pH 7.5; 20.4 gm. of solid ammonium 
sulfate were added with constant stirring, bringing the concen- 
tration to 0.75 saturation. After 15 minutes equilibration, the 
precipitate was removed by centrifugation. To the supernatant 
solution was added solid ammonium sulfate to bring the final 
concentration to 0.95 saturation. After equilibration the 
precipitate was removed by centrifugation and dissolved in 9.0 
ml. of 0.05 m triethanolamine hydrochloride buffer, pH 7.5. 
This solution was dialyzed at O° against 2.0 liters of 0.01 m 
potassium phosphate buffer, pH 7.5, for 24 hours. The solu- 
tion, containing 2.8 mg. of protein per ml., was stored at —20°. 
It had lost 47 per cent of its activity in 3 months and all of it in 
1 year. Fractionation of the crude extract after storage for 1 
year showed that it, too, had become inactive. 

Pigeon heart muscle extract was prepared from an acetone 
powder as previously described (6). To 11.5 ml. of extract, 
containing 46.3 mg. of protein per ml., was added 0.9 ml. of 1.0m 
triethanolamine hydrochloride buffer, pH 7.5. With constant 
stirring at 0°, 7.5 gm. of solid ammonium sulfate were added to 
bring the saturation to 0.60. The precipitate was removed by 
centrifugation. To the supernatant solution was added suff- 
cient ammonium sulfate to bring the solution to 0.8 saturation. 
The precipitate was separated by centrifugation and dissolved 
in 10.0 ml. of 0.05 m triethanolamine hydrochloride buffer, pH 
7.5. The solution was dialyzed overnight against 3 liters of 0.01 
M potassium phosphate, pH 7.5, at 4°. The solution, containing 
13.0 mg. of protein per ml., was stored at —20°. 

The diaphorase preparation was prepared from sonic extracts 
of Clostridium propionicum grown on a-alanine. Conditions for 
growing this organism and preparing cell-free extracts have been 
presented (6). Acetic acid, 1.0 mM, was added dropwise with con- 
stant stirring at 0° to 20.0 ml. of extract (containing 40 mg. of 
protein per ml.), bringing the pH to 4.8. The precipitate was 
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separated by centrifugation at 18,000 xX g. It was immediately 
dissolved in 10 ml. of 0.1 m triethanolamine hydrochloride buffer, 
pH 7.0. The solution was dialyzed overnight against 2 liters 
of 0.01 mM potassium phosphate buffer, pH 7.0. The solution, 
containing 29 mg. of protein per ml., was stored at —20°. 

Conditions for growing and preparing cell-free extracts of 
Clostridium kluyveri have been presented (15). 

Protein determinations were done by the method of Gornall 
et al. (16). The method of Fridovich and Handler (17) was 
utilized for assay of mercaptans with the modification that one- 
fourth the suggested concentration of dithizone was used. 

Lactic dehydrogenase was purchased from Worthington Bio- 
chemical Corporation and assayed by the method of Korn- 
berg (18). 2,3,5-Triphenyltetrazolium chloride was purchased 
from Schwarz Laboratories, Inc. Pantetheine, CoA, DPN, and 
DPNH were commercial preparations. 


RESULTS 


Spectrophotometric Evidence of Conversion of a,B-Unsaturated 
Thiolester to Saturated Thiolester by Pseudomonas sp.—a,p- 
Unsaturated thiolesters of pantetheine have an ultraviolet ab- 
sorption maximum at 263 my, whereas the saturated thiolesters 
have a peak at 232 to 235 my (19). As described previously (6), 
the conversion of an unsaturated to a saturated thiolester of 
pantetheine can be followed by measuring the decrease in ab- 
sorbance at 263 mp. When acrylyl pantetheine was incubated 
at room temperature with an ammonium sulfate fraction of 
Pseudomonas sp. (Fig. 2), there was a rapid decrease of absorbance 
at 263 my, indicating the disappearance of acrylyl pantetheine. 
Addition of ammonium chloride did not increase the rate of 
disappearance. There was no reaction with a boiled enzyme 
preparation. Analysis at the end of the reaction showed an 
ultraviolet absorption spectrum with a single peak at 232 mu 
that was indistinguishable from the spectrum of synthetic lacty]- 
pantetheine. Two facts suggested that this reaction differed 
from the acrylyl-CoA aminase reaction (6). The rate of the 
reaction is independent of ammonium salt concentration, and 
the kinetics of the reaction are zero order over the concentration 
range that was studied. 

Demonstration of Hydroxamic Acid Derivative of Lactyl pante- 
theine—Since it was shown that acrylyl pantetheine is probably 
converted to a saturated thiolester, the addition of water across 
the double bond of the thiolester was postulated. Such an 
addition could lead to the formation of either B-hydroxypro- 
piony! pantetheine or lactyl pantetheine (a-hydroxypropionyl 
pantetheine). To test these two possibilities the following experi- 
ment was done. ‘To each of four tubes were added 50 umoles of 
triethanolamine hydrochloride buffer (pH 7.5), 2.0 uwmoles of 
acrylyl pantetheine, and water to a total volume of 0.75 ml. In 
addition, tubes 2 and 3 contained 1.4 mg. of protein of the Pseu- 
domonas sp. preparation, and tubes 3 and 4 contained 100 umoles 
of ammonium chloride. The samples were incubated at 29°. 
Aliquots from tubes 2 and 3 were checked spectrophotometrically 
to observe the decrease in absorbance at 263 mu. The reaction 
proceeded to the complete disappearance of acrylyl pantetheine 
(as judged by the decrease in absorbance). At 75 minutes, 1.0 
mmole of neutral hydroxylamine was added to each of the tubes 
and the resultant hydroxamates were chromatographed. To 
serve as markers, 1.0 umole of the hydroxamic acid derivatives 
of lactate, B-hydroxypropionate, B-alanine, and a mixture of 
the three were included. The solvent system containing second- 
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Fig. 2. Decomposition of acrylyl pantetheine by an ammonium 
sulfate fraction of Pseudomonas sp. 1.5-ml. cuvettes with 1.0- 
em. light path were used. Each cuvette contained 50 umoles of 
triethanolamine hydrochloride buffer, pH 7.5; 0.1 umole of acrylyl 
pantetheine; where indicated, 1.4 mg. of enzyme protein, boiled 
enzyme, and 100 wmoles of ammonium chloride; and water in a 
total volumeof 1.0 ml. A blank contained noacryly! pantetheine. 
Absorbance was followed at 263 mu. 


ary butanol and formic acid was employed. Development of 
the chromatogram showed that sample 1 contained one hydrox- 
amate derivative with the Rr of acrylate; samples 2 and 3 each 
contained a single hydroxamate with the Ry of lactate; sample 4 
contained a dark spot with the Rr of acrylate as well as a faint 
spot with the Rr of B-alanine. Nonenzymatic conversion of 
acrylyl pantetheine to B-alanyl pantetheine in the presence of 
ammonia is known to occur (6). Themixtureof the three hydrox- 
amates was resolved very well by this system, lactate having an 
Ry of 0.55 as compared to 0.43 and 0.13 for 8-hydroxypropionate 
and B-alanine respectively. These results suggested that lactyl 
pantetheine was the only product of the enzymatic hydration of 
acrylyl pantetheine. 

Evidence for Production of Lactate by Hydrolysis of New Thiol- 
ester—Four umoles of the purified, enzymatically produced thiol- 
ester were subjected to alkaline hydrolysis. This solution was 
neutralized and used in the experiments described below. 

The hydrolyzed thiolester solution was analyzed for the pres- 
ence of lactic acid, with the use of the lactate assay with 2,3,5- 
triphenyltetrazolium chloride. In both Experiments No. 1 and 
2 (Table II, column A) there was the same amount of 2,3,5- 
triphenyltetrazolium chloride reduced in the complete system 
with the hydrolyzed product as with an equivalent quantity of 
a potassium lactate control. Omission of lactic dehydrogenase 
completely blocked the 2,3,5-triphenyltetrazolium chloride 
reduction in both cases. The enzymatic product, which had 
not been hydrolyzed, and potassium 8-hydroxypropionate led to 
no color formation. Because the product of this reaction was 
to be used in further studies, the insoluble formazan was removed 
from the solution by centrifugation. 

In order to establish that the oxidation product of the above 
reactions was pyruvate, the hydrazone derivative was made. 
One-fifth of a milliliter of 0.5 per cent 2, 4-dinitrophenylhydrazine 
in 2 Nn hydrochloric acid was added to aliquots of the supernatant 
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TABLE II 


A. Assay of lactate in hydrolyzed enzymatic product by reduc- 
tion of 2,3,6-triphenyltetrazolium chloride. Incubation condi- 
tions were exactly as those described for Fig. 1. The enzymatic 
product (hydrolyzed or not), potassium lactate, and potassium 
8-hydroxypropionate were incubated in the assay system where 
indicated. At the end of the incubation, 0.2 ml. of 10 per cent 
perchloric acid and 1.0 ml. of water were added to each. The 
precipitates were removed by centrifugation and the supernatant 
solutions were saved. To the precipitates were added 2.7 ml. of 
ethanol. After thorough mixing to dissolve the reduced 2,3,5- 
triphenyltetrazolium chloride, the protein was removed by cen- 
trifugation, and the supernatant solutions were read in a color- 
imeter equipped with a No. 54 filter. A blank contained no added 
lactate. 

B. Assay for pyruvate after oxidation of hydrolyzed enzymatic 
product by 2,3,5-triphenyltetrazolium chloride. The supernatant 
solutions of the above experiments (A) were neutralized with 
1.0 M potassium hydroxide. Each cuvette contained 200 uymoles 
of potassium phosphate buffer, pH 7.5; aliquots from the super- 
natant solutions equivalent to 0.05 umole of the original substrate 
added; 0.2 umole of DPNH; 1.0 unit of lactic dehydrogenase; and 
water to a volume of 1.0 ml. Blanks contained aliquots of the 
supernatant solutions from the blanks of the experiments in (A). 
The decrease in absorbance at 340 my caused by the addition of 
lactic dehydrogenase was measured. The values for pyruvate 
were corrected to the original volumes of the supernatant solu- 
tions. 


: by 
No. phenyltetra- |by DPNH 
zolium oxidation 
chloride 
pmoles pmoles pmoles 
1 Enzymatic product (hy- 
drolyzed) 
Complete system 0.1 0.11 0.1 
Minus lactic dehydro- 0.1 0 0 
genase 
Enzymatic product (not 0.1 0 0 
hydrolyzed) 
Potassium lactate 
Complete system 0.1 0.1 0.1 
Minus lactic dehydro- 0.1 0 0 
genase 
Potassium $-hydroxypro- 0.1 0 0 
pionate 
2 Enzymatic product (hy- 0.5 0.5 0.55 
drolyzed) 
Potassium lactate 0.5 0.54 0.55 


solutions of Experiment No. 2, Table II. The samples were 
neutralized by addition of 1.0 N potassium hydroxide and ex- 
tracted twice with ethyl acetate. The aqueous layer was acidi- 
fied to pH 2 with 2 n hydrochloric acid, and the extraction was 
repeated. The second ethyl acetate extract, containing the 
acid hydrazones, was chromatographed on paper impregnated 
with 0.1 mM potassium phosphate buffer (pH 7.5) in a solvent 
system consisting of water-ethanol, 17:83 (20). The oxidation 
products of both the hydrolyzed enzymatic product and potas- 
sium lactate gave a hydrazone spot at R, 0.37. 

In order to establish the stoichiometry of lactate oxidation in 
the 2,3,5-triphenyltetrazolium chloride experiments, aliquots 
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of the supernatant solutions from those experiments were assayed 
for pyruvate by measuring the oxidation of DPNH in the pres- 
ence of added lactic dehydrogenase. As shown in Table II, 
column B, there was good agreement between the amount of 
pyruvate present in the supernatant solutions and the amount of 
lactate that had been present (as measured by 2,3 ,5-tripheny]- 
tetrazolium chloride reduction). This was true in the case of the 
experiments with the hydrolyzed enzymatic product as well as 
with potassium lactate. 

Another method by which the oxidation of lactate by lactic 
dehydrogenase can be brought to completion is that described 
by Horn and Bruns (21); 0.05 and 0.1 umole of the hydrolyzed 
enzymatic product led to 0.06 and 0.11 umole of DPNH forma- 
tion, using their procedure for the quantitative assay of lactate. 
B-Hydroxypropionate led to no DPNH formation. 

Irreversibility of Lactyl-CoA Hydrase Reaction—1. Spectro- 
photometric studies. With experimental conditions similar to 
those in Fig. 2, 2.0 wmoles of synthetic lactyl pantetheine were 
incubated with enzyme. There was no increase in absorbance 
at 263 my to indicate formation of acrylyl pantetheine by a 
reversal of the lactyl-CoA hydrase reaction. 

2. Coupling acrylyl-CoA hydrase reaction to acrylyl-CoA 
aminase reaction. The equilibrium of the aminase reaction 
greatly favors the formation of B-alany! pantetheine (6). If the 
acrylyl-CoA hydrase reaction were reversible, the possibility 
existed that the two reactions might be coupled. In the pres- 
ence of lactyl thiolester and excess ammonium chloride this 
would result in the accumulation of B-alany] thiolester. Incuba- 
tion experiments with both synthetic lactyl pantetheine and 
lactyl-CoA weredone. Chromatographic analysis of the hydrox- 
amate derivatives of the reaction products showed no @-alanyl- 
hydroxamate. Hydrolysis of the reaction products and analysis 
for free B-alanine (a more sensitive method) by chromatography 
and spraying with ninhydrin also gave negative results. 

Lactyl-CoA Hydrase in Pigeon Heart Muscle—Of the several 
sources of enzyme examined for the ability to metabolize acrylyl 
pantetheine, pigeon heart muscle was the only one, other than 
Pseudomonas sp., that could catalyze the formation of lactyl 
pantetheine. Experiments identical with those already de- 
scribed, but done with 6.5 mg. of protein from the ammonium 
sulfate fraction of pigeon heart, demonstrated (a) an enzymatic 
decomposition of acrylyl pantetheine independent of ammonium 


TaBLeE III 

Lactyl-CoA deacylase in extracts of C. propionicum and C. kluyvert 

Each tube contained 50 umoles of potassium phosphate buffer, 
pH 7.0; 0.5 umole of lactyl-CoA; 4.0 mg. of protein (either the 
crude extract of C. propionicum or of C. kluyveri); and water to 
0.5 ml. The blanks contained no lactv!-CoA. Incubations were 
done at 30°. Aliquots, equivalent to 0.05 umole of the original 
thiolester, were removed and assayed for mercaptan (17) and for 
free lactate (21) at the designated times. Values for the blanks 
were subtracted. 


C. kluyvert 


C. propionicum 
Time 
Mercaptan Lactate Mercaptan Lactate 
minutes pmoles pmoles pmoles poles 
0 0.003 0 0.003 ({ O 
30 0.03 0.041 
60 0.04 0.052 0.056 
120 0.05 0.058 


| | 
| 
12 
13 
| | pi 
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salts, (b) a reaction product which had an ultraviolet spectrum 
identical to lactyl pantetheine, and (c) a hydroxamic acid deriva- 
tive of the product of the reaction which was indistinguishable 
from the hydroxamate of lactyl pantetheine in two solvent 
systems (A and B, Table I). Extracts of the following micro- 
organisms failed to show acrylyl-CoA hydrase activity under 
our experimental conditions: Clostridium propionicum, Clostrid- 
ium kluyveri, Clostridium sticklandii, Micrococcus lactilyticus, 
Propionibacterium pentosaceum,’ and 2 strains of aerobes isolated 
with B-alanine as the sole carbon source in enrichment cultures. 

Lactyl-CoA Deacylase—<After it was shown that the product 
of the enzymatic hydration of acrylyl pantetheine is lactyl pante- 
theine, an attempt was made to study the further metabolism 
of the thiolester of lactic acid. For this study lactyl-CoA was 
chosen because it is probably the natural substrate. 

The 2,3,5-triphenyltetrazolium chloride reduction assay for 
lactate (Fig. 1) was adapted as an assay for DPN-linked lactyl- 
CoA dehydrogenase activity. For this purpose lactic dehydro- 
genase was omitted and lactyl-CoA was substituted for free 
lactate; 0.1 umole of lactyl-CoA was used in the assay. With 
this procedure, an extract containing lactyl-CoA dehydrogenase 
activity would lead to the reduction of 2,3,5-triphenyltetrazo- 
lium chloride in the absence of lactic dehydrogenase. By includ- 
ing a parallel experiment with lactic dehydrogenase present 
deacylase activity would be demonstrated by increased dye 
reduction due to the oxidation of free lactate. Appropriate 
blanks containing free lactate and no substrate were also included. 

There was no evidence of lactyl-CoA dehydrogenase or deacyl- 
ase activity in crude extracts of Pseudomonas sp. or pigeon heart 
muscle using this procedure. Extracts of C. propionicum and 
C. kluyveri, however, did catalyze the reduction of 2,3,5-tri- 
phenyltetrazolium chloride in the presence of lactic dehydro- 
genase. There was no reduction of this substance in the absence 
of lactic dehydrogenase. This suggestive evidence for deacylase 
activity was confirmed by the experiments shown in Table III. 
Extracts of both organisms catalyzed the liberation of equiva- 
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lent amounts of mercaptan and lactate from lactyl-CoA. Similar 
experiments with boiled extract preparations of each showed no 
deacylase activity. 


DISCUSSION 


Lactate has been implicated a number of times in propionate 
metabolism (22-29), and an activated form has been postulated 
(27). Until now, however, there has been no direct evidence for 
such an activated compound. Although the enzyme which 
catalyzes the formation of lactyl pantetheine is present in a 
pseudomonad and pigeon heart muscle, its general significance 
to propionate metabolism is still not clear. Study of the further 
metabolism of lactyl-CoA was undertaken with the hope of 
demonstrating pyruvyl-CoA as the next metabolite. Lactyl- 
CoA dehydrogenase activity was not discovered in our experi- 
ments, but extracts of two unrelated organisms were found to 
contain a deacylase of lactyl-CoA: Although deacylation is 
one pathway for the metabolism of lactyl-CoA, it cannot be 
assumed to be the only one until a more extensive survey is made. 


SUMMARY 


Acrylyl coenzyme A hydrase, an enzyme which catalyzes the 
hydration of acrylyl pantetheine to form lactyl pantetheine, was 
demonstrated in extracts of Pseudomonas sp. and pigeon heart 
muscle. The enzymatically formed lactyl pantetheine was iden- 
tified by spectroscopic and chromatographic comparison with 
synthetic lactyl pantetheine; lactate was identified as the product 
of alkaline hydrolysis by showing its conversion to pyruvate in 
the presence of lactic dehydrogenase and diphosphopyridine 
nucleotide. The enzymatic reaction was found to be irreversible 
under our experimental conditions. 

Lactyl coenzyme A dehydrogenase activity was not found in 
extracts of Pseudomonas sp., pigeon heart muscle, Clostridium 
propionicum, or Clostridium kluyveri. However, an enzyme 
which catalyzes the deacylation of lactyl coenzyme A was demon- 
strated in extracts of the last two organisms. 


REFERENCES 


. STADTMAN, FE. R., Bull. Soc. Chim. biol., 37, 931 (1955). 
. STADTMAN, E. R., J. Am. Chem. Soc., T7, 5765 (1955). 
. STADTMAN, E.. R., Federation Proc., 15, 360 (1956). 
. STADTMAN, E. R., AND VaAGELos, P. R., International sym- 
posium on enzyme chemistry, Tokyo and Kyoto, 1957, Pan-Pa- 
cific Press, Tokyo, 1958, p. 86. 
5. VaGELos, P. R., AND StapTMAN, E. R., Abstracts of papers of 
the 181st meeting of the American Chemical Society, Washing- 
ton, 1957, p. 24C. 
6. VAGELos, P. R., Eart, J. M., anp StaptMan, E. R., J. Biol. 
Chem., 234, 490 (1959). 
7. ReNDINA, G., AND Coon, M. J., J. Biol. Chem., 225, 523 (1957). 
8. GIOVANELLI, J.,. AND Stumpr, P. K., J. Biol. Chem., 231, 411 
(1958). 
9. StapTMAN, E. R., AND Barker, H. A., J. Biol. Chem., 184, 
769 (1950). 
10. StapTMAN, E. R., in S. P. Cotowick anp N. O. Kaptan (Edi- 
tors), Methods in enzymology, Vol. III, Academic Press, Inc., 
New York, 1957, p. 934. 

11. WIELAND, T., AND K6ppe, H., Ann. Chem. Liebigs, 581, 1 
(1953). 

12. NEILANDs, J. B., J. Biol. Chem., 199, 373 (1952). 

13. QuASTEL, J. H., in S. P. Cotowick anp N. O. Kapuan (Edi- 


— 


* Dried cell preparations of Micrococcus lactilyticus and Pro- 
pionibacterium pentosaceum were most kindly provided by Dr. 
S. F. Carson. 


tors), Methods in enzymology, Vol. 1V, Academic Press, Inc., 
New York, 1957, p. 334. 

14. WIELAND, T., AND Ko6ppe, H., Ann. Chem. Liebigs, 588, 15 
(1954). 

15. StapTMAN, E. R., anp Barker, H. A., J. Biol. Chem., 180, 
1085 (1949). 

16. GorRNALL, A. G., BuRDAWILL, C. J., AND Davin, M. M., J. Biol. 
Chem., 177, 751 (1949). 

17. Fripovicn, I., anD HANDLER, P., Anal. Chem., 29, 1219 (1957). 

18. KorRNBERG, A., in S. P. Cotowick anp N. O. Kapian (Edi- 
tors), Methods in enzymology, Vol. 1, Academic Press, Inc., 
New York, 1957, p. 441. 

19. LYNEN, F., Federation Proc., 12, 683 (1953). 

20. Kun, E., anp HERNANDEZ, M. G., J. Biol. Chem., 218, 201 
(1956). 


21. Horn, H. D., ANp Bruns, F. H., Biochim. et Biophys. Acta, 
21, 378 (1956). 

22. Carpon, B. P., AaNp BarKeER, H. A., Arch. Biochem., 12, 165 
(1947). 

23. Jouns, A. T., J. Gen. Microbiol., 5, 326 (1951). 

24. Jouns, A. T., J. Gen. Microbiol., 6, 123 (1952). 

25. MAHLER, H. R., AND HUENNEKENS, F. M., Biochim. et Biophys. 
Acta, 11, 575 (1953). 

26. Leaver, F. W., Woop, H. G., Aanp STJERNHOLM, R., J. Bac- 
teriol., 70, 521 (1955). 

27. Etspen, S. R., Voucant, B. E., Gitcurist, F. M. C., ann 
Lewis, D., J. Bacteriol., 72, 681 (1956). 

28. Lapp, J. N., AND WALKER, D. J., Biochem. J., 69, 29P (1958). 

29. WALKER, D. J., AND Lapp, J. N., Biochem. J., 69, 29P (1958). 


ed 
| 
of 
of 
rj. 
he | 
as 
le | 
ed 
o- | 
to 
re 
ce | 
n 
he 
tv 
is 
q | 
31s 
y 
al | 
yl 
iD 
yl 
e- 
m 
Te 
m 
rt 
he 
to 
re 
al 
or 
| 
| 
| 


The Biosynthesis of Lycopene in Tomato Homogenates* 


Evie A. SHNEOURT AND IRVING ZABIN 


From the Department of Physiological Chemistry, School of Medicine, University of California, Los Angeles, California 
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It has been demonstrated that radioactive lycopene results 
from the addition of labeled acetate to intact, green, ripening 
tomatoes (1, 2). In order to study more closely the metabolic 
pathway involved in the formation of this carotenoid, attempts 
to prepare a cell-free system which could synthesize lycopene 
were carried out. Labeled mevalonic acid could serve as a 
source of lycopene carbon in tomato homogenates, but acetate 
and a number of other low molecular weight substances gave 
negative results. The preparation of tomato homogenates, 
the cofactor requirements, and other conditions for lycopene 
biosynthesis are described in this paper. 


EXPERIMENTAL 


Materials—Adenosine triphosphate, and di- and _ triphos- 
phopyridine nucleotide were obtained from the Pabst Labora- 
tories, glutathione from the Schwarz Laboratories, and tetra- 
sodium ethylenediaminetetracetate (Versene) from the Bersworth 
Chemical Company. 

Two preparations of 2-C'-mevalonic acid, as the N,N’- 
dibenzylethylenediamine salt, were obtained from the Isotopes 
Specialties Company. The first, which was used for many of 
the experiments reported here, had a melting point of 123-124° 
and contained approximately 10 per cent of a radioactive con- 
taminant. The second sample had a melting point of 125-126° 
and was radiochemically pure as determined in two different 
solvent systems (3). The second of the two samples gave 
a greater incorporation of radioactivity into lycopene. Free 
mevalonic acid was released from its salt according to Hoffman 
et al. (4). We are indebted to Dr. James Sprague of Merck 
Sharp and Dohme for a generous sample of unlabeled mevalonic 
acid and,a sample of mevalonic acid of low specific activity. 
Other radioactive substances were obtained from various com- 
mercial sources. 

Commercial grade, selected, fresh tomatoes were obtained 
from the Imperial Valley, California. Preliminary experiments 
suggested that tomatoes which had just reached full ripeness 
gave optimal results, and these were therefore used in these 
studies. 

The muscle extract used as a source of glycolytic enzyme was 
a 30 to 70 per cent ammonium sulfate fraction. When assayed 


* This study was aided by a grant, No. H 1791, from the United 
States Public Health Service. The data were taken from a dis- 
sertation submitted by E. A. Shneour to the faculty of the Gradu- 
ate School of the University of California in partial fulfillment of 
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liminary report of this work was presented at the 133rd meeting 
of the American Chemical Society, April, 1958. 

t United States Public Health Service Predoctoral Fellow, 1957. 
Present Address, Department of Biochemistry, New York Uni- 
versity, New York, New York. 


for pyruvate with phosphoglycerate and ADP (5), 1 ml. was 
found to produce 10 umoles of pyruvate in 1 hour. 

Methods—Since the pH of whole ground tomato is 3 to 4, a 
number of procedures were tested for rapid neutralization during 
preparation of tomato homogenates. The method finally de- 
veloped which gave the best and most reproducible results is 
given here. Tomatoes were cooled to 5° and rinsed in mild 
soapy water, distilled water, 70 per cent ethanol, and distilled 
water. The skin was rapidly removed with a single edge razor 
as close to the outer layer as possible, and the tomato was cut 
into quarters and placed in cold homogenizing medium con- 
taining 0.2 m Tris! buffer, pH 8.2, 0.02 m nicotinamide, and 
0.002 m Versene. The seed pocket content was removed by 
hand, and the hard core pieces at the ends of each quarter were 
cut off and discarded. The remaining parenchyma of the tomato 
was rinsed briefly in cold homogenizing medium and 30 gm. of 
tomato tissue were ground for 30 seconds in a Potter-Elvehjem, 
Teflon pestle homogenizer with 10 ml. of medium. The pestle- 
tube clearance was 1.5 mm. This procedure yielded a viscous 
homogenate with a pH of 7.8. No whole cells could be seen 
under the microscope. 

After incubation, 5 ml. of carrier in the form of commercial 
tomato paste containing 2 to 3 mg. of lycopene were added to 
the flask with the aid of 20 ml. of anhydrous methanol. The 
tomato paste was dehydrated before use by two treatments with 
equal volumes of methanol. The incubation mixture and the 
tomato paste were thoroughly mixed and centrifuged, and the 
supernatant solution was discarded. The pellet was washed 
again with 30 ml. of anhydrous methanol. Lycopene and 
other lipides were then extracted from the particulate material 
by three treatments with 30 ml. of carbon tetrachloride-methanol 
(1:1), thorough mixing, and centrifugation. The carbon tetra- 
chloride-methanol extracts were washed 12 times with 150 ml. 
of water by brief stirring and decantation to remove methanol 
and water-soluble radioactive substrates. The carbon tetra- 
chloride solution was dried with anhydrous sodium sulfate and 
filtered, and the solvent was removed by heating briefly on a 
steam bath under a stream of nitrogen. 

Pure lycopene was obtained by absorption chromatography 
on a 3.5 X& 8-cm. column of magnesium oxide-Super-Cel, 1:1. 
The lipide residue in 5 ml. of benzene was added to the column, 
and 100 ml. of petroleum ether (30—60°) followed by 100 ml. 
of 30 per cent acetone in petroleum ether were passed through 
the column under nitrogen pressure. The column was extruded, 
and the lycopene band was removed and extracted five times with 
20 ml. of a petroleum ether (30—60°)-benzene-methanol (5:4:1) 
solution. The extract was filtered and dried in a vacuum under 


1 The abbreviation used is: Tris, tris(hydroxymethy]l)amino- 
methane. 
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nitrogen, and lycopene was crystallized three times from hot 
benzene-methanol. The crystals were washed four or five times 
with 2 ml. of hot methanol and dried. The purity and the per- 
centage of recovery of lycopene were measured from time to 
time with the spectrophotometric method of Zscheile and Porter 
(6). The recovery of lycopene including carrier was 80 to 90 
per cent, and the material was 100 per cent pure as judged by 
spectrophotometric assay. Melting points, which were  oc- 
casionally taken, compared very favorably with published values. 
In at least half of the experiments in which radioactive lycopene 
was formed, the crystalline material was saponified, then chro- 
matographed, crystallized, and washed again without change in 
specific activity. 

Partition of the lipides in the carbon tetrachloride extract was 
carried out according to Kuhn and Brockmann (7). Lycopene 
and other lipide samples were plated and counted directly under 
conditions of negligible self-absorption. 


RESULTS 


Acetate, Glycolytic and Tricarborylic Acid Cycle Inter- 
mediates as Substrates—A large number of experiments testing 
acetate and other radioactive substrates with tomato homog- 
enates for lycopene biosynthesis under a variety of conditions 
was carried out. A few of these are shown in Table I. In no 
case was radioactive lycopene formed, although considerable 
radioactivity was incorporated into the total lipide fraction ex- 
tracted by carbon tetrachloride, particularly when 2-C'-acetate 
was used as tracer. 

The distribution of radioactivity in this lipide fraction from 
2-C'4-acetate was determined with the results shown in Diagram 
1. Very little activity was present in the neutral lipides, but a 
considerable amount of activity was found in the ether-soluble 
acid fraction. Most of the activity, however, was water-soluble 
after saponification and was probably due to esterified acetate. 

2-C'4.Mevalonic Acid as Substrate—When 2-C'-mevalonic acid 
was tested as a precursor for lycopene biosynthesis in tomato 
homogenates, radioactivity was incorporated into the isolated, 
purified carotenoid (Table II). Omission of ATP resulted in a 
lowering of activity to about one-quarter, and omission of DPN 
and TPN, or glutathione, to one-third to one-half of that in 


TABLE I 


Incorporation of radioactivity into lipides and lycopene from 
acetate, glycolytic, and tricarborylic acid substrates 


Each flask contained 20 wmoles of radioactive substrate (10 
umoles each in Experiment 6), specific activity 310,000 c.p.m. per 
umole; 1 wmole of TPN, 100 pmoles of GSH; 10 uwmoles of ATP; 
50 umoles of MgSQ,; 9 ml. of a homogenate prepared with an equal 
volume of tomato tissue and 0.2 m phosphate buffer, pH 8.2, in a 


final volume of 10 ml. The pH of the mixture was 7.0. Incuba- 
tion was in air at 25° for 12 hours. 

Substrate Lipides Lycopene 
Cc. p.m. c.p.m. 
2-C!4-acetate 188 ,000 0 

2-C'4-acetate, boiled homogenate 0 0 
2 3-C!4-pyruvate 26 , 000 0 
3 1,5-C'4-citrate 9 ,000 0 
4 2,3-C'4-fumarate 60 ,000 0 
5 Uniformly labeled C'‘-glucose 66 ,000 0 
6 2-C'4-acetate and 3-C'4-pyruvate; 260,000 0 
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DIAGRAM 1 
Distribution of activity in lipide fractions from 2-C* acetate 
Lipide extract 
160,000 ¢.p.m. 


Saponification in N». atmosphere 
under reflux for 6 hours in 20 per cent 
methanolic KOH and 1 hour with H.O 
added to make a 90 per cent metha- 
nolic aqueous solution 


es Extraction with petroleum ether (30-60°) 


\ 


Petroleum ether frac- Aqueous methanol fraction 
tion (neutral hydro- acidified with H.SO,; ex- 
carbons) 200 ¢.p.m. tracted with diethyl ether 


Digitonin  precipita- 


MgQO-Super-Cel 


tion with cholesterol chromatography 
carrier 
Diethyl ether Aqueous 
fraction (fatty fraction 
acids ) 60,000 100,000 ¢.p.m. 
| epas. 
Digitonides, Lycopene, 


no radioactivity No radioactivity 


TABLE II 


Incorporation of radioactivity into lipides and lycopene 
from 2-C'4-mevalonic acid 

The complete system contained 5 ywmoles of sodium 2-C'- 
mevalonate, 250,000 c.p.m. per umole; 20 wymoles of ATP; 1 umole 
of DPN; 1 umole of TPN; 20 umoles of GSH; 50 umoles of MnSQ,; 
and 9 ml. of homogenate prepared with Tris buffer as described in 
‘‘Methods”’ in a final volume of 10 ml. Incubation was in air at 
25° for 12 hours. 


Additions Lipides Lycopene 

c.p.m. c.p.m. 

Experiment 1 
Complete 50,000 270 
Boiled homogenate............ | 0 0 
Zero time control............... | 80 0 
No DPN, no TPN............. 30,000 140 
Ne instead of air................| 39 ,000 60 

Experiment 2 
Complete system... 40 ,000 350 

Experiment 3 
Complete system. . 56 , 000 760 


the complete system. Replacement of air by nitrogen caused 
a great decrease in lycopene formation from mevalonic acid. 
The most favorable pH in Tris buffer was found to be about 8.0 
(Fig. 1). Above this value, results were inconclusive and not 
reproducible. A few preliminary experiments were carried out 
with phosphate buffer which gave lower values. The best in- 
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TABLE III 


Effect of mevalonic acid concentration on incorporation of 
radioactivity into lycopene 


Conditions as described in Table II. 


Mevalonic Acid Lycopene 
pmoles c.p.m. 
1 65 
5 270 
10 310 


TABLE IV 


Effect of air and nitrogen on incorporation of radioactivity 
into lipides and lycopene 


The complete system was as described in Table II. 


Atmosphere Additions Lipides {Lycopene 
c.p.m. C.p.m. 
Experiment 1 
Air Complete 46,000 | 270 
Air Complete + 1 ml. muscle ex- 
tract + 50 wmoles 3-phos- 
phoglycerate 75,000 | 165 
Nitrogen Complete 39 ,000 60 
Nitrogen Complete + 1 ml. muscle ex- 
tract + 50 wmoles 3-phos- 
phoglycerate 51,000 50 
Experiment 2 
Air Complete 45,000 | 270 
Air Complete + 10 uwmoles meth- | 3,500 0 
ylene blue 
Nitrogen Complete 31,000 65 
Nitrogen Complete + 10 wymoles meth- | 4,400 0 
ylene blue 
Nitrogen Complete + 10 umoles indo- 
phenol 3,900 0 
cubation time was 12 to 15 hours (Fig. 2). The effect of varying 


the concentration of mevalonic acid is shown in Table III. 
Since the replacement of air by nitrogen greatly reduced the 
incorporation of radioactivity into lycopene, attempts were made 
to determine whether oxygen was necessary for regeneration of 
ATP or for terminal electron transport. Addition of an ATP- 
generating system consisting of a muscle extract and phospho- 
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TABLE V 
Distribution of activity in lipide fractions from 2-C'4-mevalonic acid 


Fraction Activity 
c.p.m. 

Petroleum ether extract........................ 16,000 
H.O-soluble after saponification................ 8,000 


TaBLe VI 
Activity in lipides and lycopene after centrifugation of homogenate 
Centrifugation was at 5000 X g for 5 minutes. Additions and 


incubations were as described in Table IT. 


Fraction Lipides Lycopene 

c.p.m. c.p.m. 

Whole homogenate...................... 27 ,000 295 
Whole homogenate, allowed to stand 15 

minutes at 5° before incubation........ 23 ,000 190 
Pellet, washed once with 0.02 m Tris buf- 


glycerate did not replace the requirement for air and caused a 
decrease in activity when air was present (Table IV, Experiment 
1). When methylene blue or indophenol were added (Experi- 
ment 2) complete inhibition of lycopene biosynthesis occurred 
both in air and nitrogen. Thus the need for oxygen remains 
unexplained. 

Partition of a lipide extract obtained after incubation of meva- 
lonic acid with a tomato homogenate is shown in Table V. In 
contrast to the results obtained with acetate, the lipides which 
were extracted with petroleum ether after saponification con- 
tained a considerable portion of radioactivity, and the sterols 
precipitated by digitonin had as much activity as lycopene. 

Attempts were made to determine which cellular fraction was 
the site of lycopene biosynthesis. However, centrifugation at 
very low speeds resulted in no clear-cut separation of nuclei and 
cell debris from the tomato homogenate because of the agglutinat- 
ing particulate present in the mixture. After centrifuging at 
2000 X g for 15 minutes, for example, the mixture contained a 
pellet at the bottom of the tube, a relatively clear solution in the 
center, and a solid particulate layer at the top. At 5000 x 4g, 
all of the visible particulate material was sedimented, leaving 
a clear supernatant solution. Activity was present only in the 
pellet (Table VI). Acetone powder extracts have been inactive. 


DISCUSSION 


The data presented have shown that labeled mevalonic acid 
can serve as a source of carbon for lycopene formation in tomato 
homogenates. For optimal incorporation of tracer, ATP, 
pyridine nucleotides, glutathione, manganese ion, and incuba- 
tion in air are necessary. Evidence which established the purity 
of lycopene and the absence of radioactive contaminants was 
obtained by chromatography and crystallization and repetition 
of these procedures after complete saponification. 

Although the homogenate could not be centrifuged to remove 
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unbroken cells, it is unlikely that more than traces of whole 
cells were present in the incubated mixtures. Not only was 
there an absence of whole cells under the microscope, but the 
marked stimulation of ATP, which would not be expected to 
cross cell walls, also argues against the presence of appreciable 
amounts of whole cells. 

The amount of radioactivity incorporated into lycopene from 
mevalonic acid is actually a substantial fraction of the maximum 
that might be expected. According to Goodwin and Jamikorn, 
(8) 1 gm. (wet weight) of whole tomato produces about 2.5 
ug. of lycopene during the ripening period of 12 days. About 
four-fifths of this, or 2 wg. per gm. are formed during the last 3 
days. In the experiments with a broken cell system reported 
here, 6 gm. (wet weight) of nearly ripe tomato were incubated 
for 12 hours. On the assumption that a 12-hour incubation 
would allow the formation of one-sixth of that which occurs in 3 
days, the maximal amount of lycopene that could be produced 
is 2 ug, or 3.7 mumoles. The specific activity of the substrate 
was 250,000 c.p.m. per umole, and 3.7 myumoles are therefore 
equal to 925 ¢.p.m. Since each of the eight isoprene residues in 
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lycopene should be derived from 1 mevalonic acid molecule, the 
upper limit of radioactivity to be expected in the biologically 
formed lycopene in the incubation mixtures is 7400 counts. This, 
however, assumes no dilution of radioactivity from endogenous 
unlabeled precursors, so that the observed incorporation of about 
200 to 700 counts into lycopene isolated from the incubation 
mixtures is an appreciable amount compared to the maximum 
to be expected. 

Mevalonic acid is thus a precursor not only for cholesterol (9), 
squalene (10, 11), rubber (12), and @-carotene (13) but for lyco- 
pene also. The preparation of a homogenate in which lycopene 
formation will occur may prove to be a powerful tool in the fur- 
ther study of this pathway for the synthesis of carotenoids. 


SUMMARY 


The preparation of homogenates of tomatoes which can syn- 
thesize radioactive lycopene from 2-C'-mevalonic acid is de- 
scribed. For optimal incorporation of tracer, ATP, pyridine 
nucleotides, glutathione, manganese ion, and incubation in air 
are necessary. 
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The interesting observations of Winegrad and Renold! (1, 2) 
on the effect of insulin on the metabolism of radioactive glucose 
by the rat epididymal fat pad in vitro were the stimuli to the 
study to be described here. The results of these workers clearly 
showed that insulin stimulated the conversion of glucose to fatty 
acids in this tissue concomitantly with a marked and preferential 
acceleration of the conversion of carbon 1 of glucose to COs>. 
As a first approximation the effects of insulin which they ob- 
served can be expressed as a stimulation of the rate at which the 
following net reactions proceeded: 


Glucose — 2-acety] CoA + 4 DPNH + 2 CO,;+2~P (1) 
Glucose + 1 ~ P — Pentose-PO, + 2 TPNH + CO, (2) 


n(Acetyl-CoA) + 2n — 2(TPNH + DPNH) — Fatty acid (3) 


Neither the exact balance between these equations nor the rela- 
tive needs for reduced tri- and diphosphopyridine nucleotide in 
Equation 3 were clearly evident from their results. However, 
consideration of these equations did suggest that, due to the 
participation of the phosphogluconate pathway (Equation 2), an 
even more marked output of CO, might occur during fat syn- 
thesis from glucose than one had previously suspected. We 
therefore deemed it worthwhile to study the effect of insulin on 
the total gas exchange of the epididymal fat pad. This may be 
done very simply by means of the Warburg manometric ap- 
paratus. The adipose tissue is placed in a vessel with Krebs- 
Ringer bicarbonate, without any KOH in the center well for the 
absorption of COs, and gassed with a mixture of 5 per cent CO-- 
95 per cent air. If the oxygen consumption of the tissue equals 
its carbon dioxide output (R. Q. = 1), then no pressure change 
will be observed. If the carbon dioxide output exceeds the 
oxygen consumption, then a positive pressure will develop and 
the exact volume of the excess CO, produced can be measured. 
Conversely, if the respiratory quotient is less than 1, a negative 
pressure will develop. As will be seen from the results, this 
procedure has proved eminently satisfactory for the study of the 
action of insulin on the metabolism of the epididymal! fat pad. 
As is so often the case, we found after our initial experiments that 
our use of this procedure was not an original one. Balmain et al. 


* This work was supported in part by funds received from the 
Eugene Higgins Trust through Harvard University and from the 
Life Insurance Medical Research Fund. 

1 The senior author of this paper is indebted to Dr. Renold for 
the opportunity of discussing with him the contents of these 
papers before they were submitted for publication. 


(3) in 1950 applied this method to a study of fat synthesis by 
slices of lactating mammary gland. 


EXPERIMENTAL 


Male rats of several strains have been employed successfully 
for the work described here. The majority of the results have 
been obtained with rats purchased from the Holtzman Company 
and fed ad libitum on Purina laboratory chow. The rats were 
killed by decapitation by means of the miniature guillotine de- 
veloped by the Harvard Apparatus Company. Portions of the 
epididymal fat pad were immediately removed with as little 
handling as possible in a manner similar to that described by 
Winegrad and Renold (1). They were weighed on a torsion 
balance and placed directly into a Warburg vessel containing the 
medium to be employed for the experiment. In small rats the 
distal portion of the fat pad from each side has been employed. 
In larger rats a distal and a proximal piece have been obtained 
from each fat pad so that four pieces of tissue from one rat could 
be compared. The basic medium employed has been that of 
Krebs and Henseleit (4) to which glucose, and sometimes gelatin, 
have been added, as will be indicated in the presentation of the 
results. The pH of the basic medium after equilibration with a 
gas mixture containing 5 per cent CO, was 7.35 as measured with 
the glass electrode at room temperature. The temperature of 
the medium has been that of the room (23-25°) during the loading 
of the flasks, though a minimum of delay has been practiced in 
the mounting of the flasks on their manometers and placing them 
in the constant temperature bath (37.2°). In our initial experi- 
ments we have used successfully the conventional type of War- 
burg vessel of approximately 15 ml. total capacity with a center 
well and one side arm with a vented stopper. Since the center 
well is not employed in our experiments, we have had vessels 
with a total capacity of about 10 ml. constructed without a 
center well and containing one side arm with a vented stopper. 
The amount of tissue used ranged from 200 to 400 mg. when the 
larger size vessel was employed and 100 to 300 mg. with the 
smaller size. The gas phase in all cases has been a mixture of 
5 per cent CO--95 per cent air which was bubbled through water 
before entering the flask. Gassing was continued for a period of 
about 5 minutes with slow shaking, and readings usually began 
within 10 to 15 minutes after insertion of the flasks in the water 
bath. 

The insulin used was kindly furnished by Eli Lilly and Com- 
pany and was a crystalline zinc insulin preparation, Lot No. 
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466368, which assayed 25 units per mg. Stock solutions of in- 
sulin which contained 30 units per ml. were made up in water 
which contained 2 drops of 0.1 N HCl per 5 ml. Such solutions 
were kept in the cold room and used for periods up to a month. 
Working solutions were prepared by a 1 to 10 dilution of the stock 
solution with Krebs-Ringer bicarbonate medium. 

Glass redistilled water has been employed throughout for all 
solutions. 


RESULTS 


The results of a typical experiment are shown in Fig. 1. Two 
pieces of tissue, one from the right and one from the left epidid- 
ymal fat pad of the same rat, were employed. Each was placed 
in a flask which contained the same basic Ringer-bicarbonate 
medium, but one contained glucose to yield a final concentration 
of 4 mg. per ml. and the other contained no glucose. Insulin 
was placed in the side arm of both flasks so that after tipping, 
the final concentration of insulin in the flask would be 0.1 unit 
(10° micro units) per ml. During the first 60 minutes both 
flasks showed pressure changes which indicated that more gas 
was being consumed than was evolved; in other words, the 
respiratory quotient of the tissue during the initial period was 
less than 1. At the end of 60 minutes insulin was tipped into 
the main compartment of the flask from the side arm. In the 
vessel which contained no glucose the rate of net gas exchange 
remained unaltered. In the flask containing glucose a positive 
pressure response to the insulin is evident within the first 10 
minutes after the addition of insulin. Gas, presumably carbon 
dioxide, is being evolved more rapidly than oxygen is being con- 
sumed and the respiratory quotient has changed from a slightly 
negative value to a marked positive one. Once it is under way 
the rate of gas evolution is remarkably linear with time, and 
under suitable conditions we have observed that the rate will 
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Fic. 1. The effect of insulin on the net gas exchange in the 
presence and absence of glucose. Flasks with a total volume of 
13 to 15 ml. and a center well were employed. Each flask con- 
tained 2.9 ml. of Krebs-Ringer bicarbonate in the main chamber. 
At 60 minutes 0.1 ml. of an insulin solution in Krebs-Ringer bicar- 
bonate which contained 3 units per ml. was tipped from the side 
arm to yield a final concentration in the vessel of 0.1 unit (105 
micro units) per ml. In one flask glucose was added to yield a 
final concentration of 4 mg. per ml. The tissue in this flask 
weighed 218 mg. and was obtained from the left epididymal fat 
pad. The other flask contained no glucose and a piece of tissue 
which weighed 147 mg. from the right fat pad of the same rat. 
Temp. 37.2°. 
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Fic. 2. The effect of variations in the glucose concentration on 
the response to insulin. Flasks with a total volume of 8 to 12 ml. 
without a center well were employed. The main compartment 
of each flask contained 1.35 ml. of Krebs-Ringer bicarbonate and 
glucose to give the concentration indicated in mg. per ml. The 
insulin solution, 0.05 ml., was tipped from the side arm at 50 
minutes to give a final concentration of 10° micro units per ml. 
All tissue was obtained from a single rat. The weight and loca- 
tion of the tissue employed in each flask are as follows: 0.25 mg. per 
ml., 190 mg., right distal; 0.5 mg. per ml., 235 mg., right proximal ; 
1 mg. per ml., 193 mg., left distal; 4 mg. per ml., 251 mg., left 
proximal. 


remain constant for at least 3 hours after the addition of insulin. 
This stimulation of gas production by the addition of insulin is 
consistent with the expected increase in CO, production that 
may be predicted from Equations 1 and 2. Now the experi- 
mental conditions employed here are nearly identical with those 
used in the studies reported by Winegrad and Renold (1, 2). In 
view of this fact and the results reported by these workers it 
seems reasonable to conclude that fatty acid formation is oc- 
curring simultaneously with the increased gas formation ob- 
served here. The fact that the rate of gas exchange in the 
absence of glucose is unaffected by the addition of insulin indi- 
cates that the respiratory processes of the tissue are unaffected 
by insulin added in the absence of glucose. In experiments to 
be published elsewhere, it has been found that the oxygen uptake 
of this adipose tissue proceeds at a linear rate and is not markedly 
affected by the addition of insulin either in the presence or ab- 
sence of glucose. Similar results have been reported previously 
by Haugaard and Marsh (5). 

The effect of variations in the glucose concentration on the 
rate of the reaction stimulated by insulin is shown by the data 
presented in Fig. 2._ Unlike the results presented in Fig. 1 where 
the directly observed readings were given, the data here are ex- 
pressed in terms of ml. of gas exchange per 100 mg. of wet tis- 
sue. In this experiment four pieces of tissue from a single rat 
have been employed. The rate of the reaction is seen to in- 
crease as the glucose concentration in the medium increases. A 
positive response is obtained upon the addition of insulin as long 
as some glucose is in the medium. In other experiments of this 
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TABLE I 
Effect of glucose concentration on rate of CO2 production 
Insulin concentration 0.1 unit per ml. 


Glucose 
Experiment 
1 mg. per ml. 4 mg. per ml. 
pl. CO2/100 mg./hr.* 
1 30.0 27.3 
2 34.0 60.1 
3 21.7 22.9 
4 17.6 26.2 
5 19.8 
6 11.8 13.3 
7 38 .2 50.3 
Mean 24.7 31.8 


* Expressed as net change in gas evolution that occurs before 
and after addition of insulin. 


type an insulin effect has still been noted when the glucose con- 
centration has been lowered to 0.125 mg. per ml. Invariably, 
however, in the complete absence of added glucose no response 
is obtained and the results are of the type shown in Fig. 1. It 
should be noted that at lower glucose concentrations not only is 
the initial rate of gas evolution slow, but the reaction fails to 
remain linear with time. This is particularly noticeable when 
the experiments are carried out in the smaller vessels where the 
ratio of total medium to tissue is reduced, as is the case for the 
experiment shown in Fig. 2. The greatest effect of changes in 
glucose concentration on the rate is in the region from 0 to 1 mg. 
per ml. The change in rate obtained by increasing the glucose 
concentration from 1 to 4 mg. per ml. is less striking, as is to be 
seen from Fig. 2 and the data presented in Table I. It is of 
interest to note that in the absence of insulin the tissue appears 
to be markedly unresponsive to the presence of glucose in the 
medium. Even in the presence of 4 mg. per ml. of glucose the 
tissue continues to maintain an R. Q. which is less than 1. 

For the comparison of data obtained from experiments of this 
type we have found it convenient to express our results in terms 
of ul. of gas exchange per 100 mg. wet weight of tissue per hour. 
We have also chosen to express our results in terms of the net 
change in gas evolution as calculated from the differences in rates 
before and after the addition of insulin. That this procedure 
has definite advantages will be seen when we deal later with the 
response of this tissue to graded doses of insulin. In Fig. 2, for 
example, the rate of gas evolution for the piece of tissue in the 
medium where the glucose concentration is 4 mg. per ml. was 
—3.6 ul: per 100 mg. of tissue per hour before insulin addition 
and +67.6 wl. after insulin addition. Thus the net change in 
gas evolution due to the addition of insulin is 67.6 ul. + 3.6 ul., 
or 71.2 wl. The corresponding net change for the tissue sus- 
pended in the medium where the glucose concentration is 1 mg. 
per ml. was 55.5 + 6.5, or 62.0 ul. per 100 mg. of tissue per hour. 
In Table I data are presented on the net changes observed in 
seven other experiments in which the rate in the presence of 1 
mg. per ml. of glucose is compared with that in the presence of 
4 mg. per ml. On the average the rate in the presence of 4 mg. 
per ml. of glucose is always higher than with 1 mg. perml. The 
greatest difference is observed in those tissues which show very 
high activity. In this regard it should be noted that considerable 


Metabolism of Adipose Tissue. I 


Vol. 234, No. 4 


variation in the tissue response is observed from animal to ani- 
mal. One of the factors governing this response is the age of 
the animal, but there are indications that other unknown factors 
are also involved. At times we have encountered animals in 
which the epididymal fat pad has shown a marked positive gas 
exchange without the addition of insulin. In such cases the ad- 
dition of insulin may cause but a very small further increase in 
the rate of gas evolution. We have sought to correlate such 
positive responses with the emotional or environmental condi- 
tions of the animal, but so far with little success. 

As a result of such studies we have chosen to employ glucose 
at a concentration level of 3 mg. per ml. in the remainder of the 
experiments to be described in this paper. This concentration 
of glucose appears to be sufficient to allow the reaction to pro- 
ceed at or very near the maximal rate and to maintain a linear 
rate for the duration of the experiments. 

In the results presented so far the amount of insulin used has 
been such as to yield a final concentration in the flask of 105 
micro units per ml., which, as will be seen, is more than suf- 
ficient to evoke a maximal response by the tissue. Since the 
sample of insulin employed contained 25 units per mg., this is 
equivalent to 0.004 mg. per ml. Naturally, one of the earliest 
questions we sought to answer was how small an amount of 
insulin would yield a response. We soon found that it was 
possible to lower the insulin concentration to 10° micro units per 
ml. and to obtain fairly consistently responses which were nearly 
equal to those given by 10° micro units per ml. In Table II 
the results of five such experiments are shown. In each of the 
experiments we have compared the rate of paired tissues from 
one rat and we have employed glucose at a concentration of 3 
mg. per ml. It will be seen that on the average the rate with 
10% micro units of insulin is 95 per cent of that obtained with 100 
times this amount. This amount of difference in rate can not 
be considered significant since the variation in the maximal 
rate of different pieces of tissue from the same rat can be of this 
order of magnitude or larger. However, the important point 


TaBLeE II 
Effect of insulin concentration on rate of CO, production 
Glucose concentration 3 mg. per ml. 


Insulin 
Maximal 
periment Micro units per ml. response* 
105 103 | 102 
pl. CO2/100 mg./hr.t % 
1 19.8 19.5 99 
2 23 .6 22.4 95 
3 14.3 12.8 90 
4 29.3 26.3 90 
5 47.0 47.0 100 
6 21.8 7.4 34 
7 15.7 0 0) 
8 14.5 0 0 
9 22.7 3.4 15 
10 22.8 0 0) 


* The percentage of maximal response has been calculated in 
the manner described in the text for the data given in Fig. 3. 

+t Expressed as net change in gas evolution that occurs before 
and after addition of insulin. 
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which we wish to make at this time is that when we attempted 
to lower the amount of insulin to 10? micro units per ml., we 
obtained erratic and inconsistent results. In Table II the re- 
sults of five experiments are given in which 10? micro units per 
ml. of insulin were employed. It will be seen that in three of 
the five experiments no response at all was obtained. Now it 
should be noted that up to this time we had been employing 
the Krebs-Ringer bicarbonate solution for both an incubation 
medium and the dilution of our insulin samples. We therefore 
turned our attention to the possibility that in the dilution of our 
insulin samples losses occurred either due to denaturation or 
adsorption on the glassware. In the method of insulin assay 
developed by Martin et al. (6), these workers regularly employed 
a gelatin containing Krebs-Ringer bicarbonate medium for dilu- 
tion of their standard insulin samples as a precautionary measure 
against such losses. The importance of the presence of a sub- 
stance such as gelatin in the medium used for dilution of the 
insulin samples and even in the incubation medium itself is 
shown by the results given in Figs. 3 and 4. 

In Fig. 3 the results of an experiment are shown where a 
comparison is made of the results to be obtained when the in- 
sulin was diluted on the one hand with Krebs-Ringer bicarbonate 
and on the other with the same medium to which gelatin had 


been added. In each case the incubation medium was Krebs- 
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Fic. 3. The effect of adding gelatin to the medium used for 
dilution of the insulin samples. The main compartment of each 
flask contained 1.35 ml. of Krebs-Ringer bicarbonate to which 
glucose had been added to vield a final concentration of 3 mg. per 
ml. At 50 minutes 0.05 ml. of a solution of insulin calculated to 
vield a final concentration of 10? micro units per ml. was tipped 
from the side arm. In flask A the insulin solution was prepared 
by dilution with Krebs-Ringer bicarbonate glucose medium, 
while in flask B it was prepared by dilution with a Krebs-Ringer 
bicarbonate glucose medium which contained gelatin (see text). 
Dilutions were performed by the addition of 0.1 ml. of the working 
solution of insulin, which contained 3 units per ml. (see methods) 
toa 10-ml. stoppered graduated cylinder, followed by the addition 
of the appropriate medium to volume. One ml. of this solution 
was then further diluted in the same fashion to 10 ml. The 
amount of tissue added per flask was assumed to contribute 0.1 
ml. to the total fluid volume in calculating the final insulin con- 
centration in the flask. At the end of 120 minutes the experiment 
was temporarily stopped to permit addition of 0.05 ml. of an 
insulin solution directly to the flask contents so as to yield a con- 
centration of 105 micro units per ml. in excess of that already 
present. The flasks were remounted on the manometers, regassed, 
and readings resumed at the time indicated. Paired tissues from 
arat weighing 220 gm. were employed; the tissue in flask A weighed 
300 mg., that in flask B, 279 mg. The numbers alongside each 
line give the rate in wl. per 100 mg. per hr. 
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Fic. 4. The effect of adding gelatin to the medium used for 
incubation and for dilution of the insulin samples. The procedure 
employed was the same as that described for the experiment 
shown in Fig. 3 except that the medium added to the main com- 
partment of the flask was a Krebs-Ringer bicarbonate glucose 
solution to which gelatin had been added. In flask A the insulin 
solution was prepared by dilution with Krebs-Ringer bicarbonate 
glucose medium, while in flask B it was prepared by dilution with 
the gelatin containing medium. Paired tissues were employed. 
The tissue in flask A weighed 286 mg. and that in flask B 246 mg. 


Ringer bicarbonate. The medium which contained gelatin was 
prepared by adding 200 mg. of gelatin to 100 ml. of Krebs- 
Ringer bicarbonate solution contained in a stoppered graduated 
cylinder. The contents of the cylinder were mixed for several 
minutes, the undissolved gelatin allowed to settle to the bottom, 
and the supernatant fluid used for the experiment. Paired 
pieces of tissue from one rat were employed. The results are 
plotted in Fig. 3 in terms of the gas exchange per 100 mg. of 
tissue. After an initial period of 50 minutes, during which the 
usual negative pressure response was obtained, the side arm con- 
tents were added. No response was obtained in that flask (A) 
where the insulin had been diluted with the plain Krebs-Ringer 
bicarbonate medium. However, in the other flask (B) where 
the insulin had been diluted with the gelatin containing medium 
a definite response was obtained. In both cases the addition of 
the contents of the side arm should have resulted in a calculated 
concentration of insulin in the flask of 10? micro units per ml. 
At the end of 120 minutes both flasks were removed from their 
manometers and to the contents of each flask there was added 
0.05 ml. of an insulin solution in plain Krebs-Ringer bicarbonate 
of such strength as to vield a final concentration of 10° micro 
units per ml. The flasks were then replaced on their respective 
manometers, returned to the water bath, and regassed. Read- 
ings were recommenced, as shown in Fig. 3, after a total interval 
of 20 minutes. It will be seen that by this time a marked posi- 
tive pressure change was under way in both flasks and of about 
equal magnitude. Alongside each line on this graph are figures 
which express the rates of the reaction in terms of ul. of gas per 
100 mg. of tissue per hour. Thus in the manner described pre- 
viously the net changes in gas pressure in each flask may be 
calculated. In the case of flask A the net change between the 
initial period without insulin and the final period where excess 
insulin was present amounts to 43.0 + 4.9, or 47.9. The effect 
of tipping insulin from the side arm was 0. In the other flask, 
B, the corresponding net change from the initial to the final 
period is 41.1 + 7.0, or 48.1. Here, however, tipping the con- 
tents of the side arm caused a net change in gas exchange which 
is 11.2 + 7.0, or 18.2 It is now possible to express the response 
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of this piece of tissue to 100 micro units of insulin per ml. as a 
percentage of that response given when insulin is present in 
excess. This amounts to 18.2/48.1 x 100, or 38 per cent. We 
shall refer to such a value as the percentage of maximal insulin 
response. Thus the addition of an amount of insulin calculated 
to yield 100 micro units per ml. has caused a zero response in one 
flask and 38 per cent of the maximal response in the other. 

In Fig. 4 the results of a similar type of experiment are shown. 
Here, however, instead of employing for the incubation medium 
Krebs-Ringer bicarbonate as in Fig. 3, we have used Krebs- 
Ringer bicarbonate saturated with gelatin. As in Fig. 3 the 
medium used for the dilution of the insulin has been in one case 
Krebs-Ringer bicarbonate and in the other the gelatin contain- 
ing medium. In this experiment it can be seen that when insulin 
is tipped from the side arm so as to yield a calculated concentra- 
tion of 100 micro units per ml. in the flask a response is obtained 
in both cases. The response, however, obtained in the flask 
where the insulin was diluted with plain Krebs-Ringer bicarbon- 
ate is much less than when the gelatin-saturated medium was 
employed for dilution. Here again, as in the experiment of Fig. 
3, the flasks were removed at the end of 120 minutes to permit 
the addition of 0.05 ml. of an insulin solution so as to yield a 
concentration of 10° micro units per ml. in each flask. Again 
both tissues responded with a more rapid outpouring of carbon 
dioxide of nearly equal magnitude per 100 mg. of wet weight. 
Here the percentages of the maximal insulin response calculated 
as described above for the two cases are 55 and 18 per cent, re- 
spectively. 

From these experiments, which are representative of others 
that have been performed, it is clear that when working with 
dilute solutions of insulin in simple salt solutions, losses in activity 
of considerable magnitude may take place. This may occur not 
only during the procedure used for dilution of the insulin sample, 
but also after addition of the diluted solution to the incubation 
flask. It is therefore important in such experiments to use media 
containing gelatin, or perhaps some other protein, both for serial 
dilution of the insulin samples and as the fluid in which the 
tissue is to be incubated. Such precautions would not appear 
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to be necessary when an excess of insulin is added, as for example 
when the final concentration in the incubation medium is of the 
order of 10° micro units per ml. Indeed the results presented in 
Table II would indicate that the sensitivity of the epididymal fat 
pad is such that the effect of any such losses would be scarcely 
detectable even when the final concentration of insulin in the 
incubation flask reaches a value +45 of this (10° micro units per 
ml.). In one experiment, however, which was run exactly like 
that presented in Fig. 3 except that 500 micro units were em- 
ployed instead of 100, a higher response was obtained when the 
insulin was diluted with a gelatin containing medium than with 
one without it. The percentages of maximal response obtained 
were 76 and 61, respectively. It would therefore appear that 
the safest procedure, until proved otherwise, would be to use 
gelatin-containing media throughout when working with final 
insulin concentrations of 10% micro units per ml. or lower, and 
under the experimental conditions employed here. Our routine 
procedure now, when working with insulin concentrations in this 
range, is to prepare media fresh daily by adding Krebs-Ringer 
bicarbonate to the appropriate weighed amounts of solid gelatin 
and glucose. Media containing gelatin should not be stored 
overnight in the cold since we have found that this gives rise to 
hazy solutions which yield low and erratic results. 

We have no information as to the cause of the loss of insulin 
activity that occurs in the absence of gelatin. We surmise that 
it is due, in part at least, to adsorption of insulin on glass sur- 
faces. This premise is supported by the findings of Ferrebee 
et al. (7) and Narahara et al. (8) who, by means of radioactivity 
measurements, showed that insulin labeled with I'*! is adsorbed 
to glassware and that this adsorption may be prevented by the 
presence of serum albumin or by an excess of unlabeled insulin. 
At the moment we have no information on the effect of the ad- 
dition of substances other than gelatin as a means of minimizing 
or preventing this loss of insulin activity, though experiments 
toward this end are planned. 

In Fig. 5 are presented the results of an experiment where we 
have measured the response to be obtained at four different con- 
centrations of insulin; 25, 50, 100, and 250 micro units per ml. 
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Fic. 5. The effect of graded amounts of insulin on tissue response. 


The medium employed for both dilution of the insulin 


samples and incubation of the tissue was a Krebs-Ringer bicarbonate solution containing 3 mg. per ml. of glucose and gelatin. 
Otherwise the procedure was the same as for the experiment given in Fig. 3. All pieces of tissue were obtained from a single 
rat (weight 219 gm.). The weight and location of the tissue employed in each flask is as follows: 25 micro units, 208 mg., right 
distal; 50 micro units, 193 mg., right proximal; 100 micro units, 203 mg., left distal; 250 micro units, 196 mg., left proximal. 
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The results are plotted in terms of response per 100 mg. of tissue. 
Four pieces of tissue from one rat were employed in this experi- 
ment and the procedure followed was similar to that outlined for 
the experiments given in Figs. 3 and 4. Here, however, a gelatin 
medium was employed throughout for both dilution of the insulin 
samples and as incubation fluid. It is clearly evident that the 
response obtained upon tipping in the insulin from the side arm 
at 50 minutes is a function of the amount of insulin added. It 
should be noted that at concentrations of insulin within this range 
a period of 30 minutes or so may be required before a linear rate 
is established after the addition of the insulin samples. Thus 
the rate values given on Fig. 5 for this part of the experiment 
refer to that portion of the curve where a linear rate has been 
achieved. <A calculation of the percentage of maximal insulin 
response by the procedure outlined above yields the following 
values: 25 micro units per ml., 13 per cent; 50 micro units per 
ml., 33 per cent; 100 micro units per ml., 65 per cent; and 250 
micro units per ml., 76 per cent. 

The data presented in Fig. 5 serve to illustrate the fact that on 
occasion the initial response shown by one of four pieces of tissue 
from the same rat may show a slight positive response rather 
than the more usual negative one. In the experiment shown 
here it so happened that this occurred in the flask which had 
been set up to contain the lowest concentration of insulin. Here 
then is a good example of the reasons why we have chosen to 
express the response to added insulin in terms of the net change 
rather than in terms of the absolute rate. In this experiment 
there is very little difference between the absolute rates for 25 
and 50 micro units of added insulin, but an appreciable difference 
in terms of the net change. The only criterion we can offer in 
justification for this adopted procedure of calculation is the fact 
that in an aberrant case such as the one shown here the result 
obtained agrees best with the mean of other experiments where 
the initial tissue response was not aberrant. For example, the 
mean value for the percentage of maximal insulin response ob- 
tained at 25 micro units per ml. of insulin in four experiments is 
15, as compared to 13 for the experiment shown in Fig. 5. 

It is obvious that an experimental procedure of the sort em- 
ploved in obtaining the data presented in Fig. 5. offers interest- 
ing possibilities for the rapid and quick assay of insulin. In such 
a technique each piece of tissue can serve as its own control when 
results are expressed in terms of the percentage of maximal in- 
sulin response. Indeed, it is not inconceivable that a standard 
dose response curve might be established for this tissue from 
which at least approximate values of the insulin content of un- 
known samples could be read. For example, to date we have 
run 14 experiments at insulin concentrations of 50 micro units 
per ml. These yield a mean value of 25 for the percentage of 
maximum insulin response, with a range of 16 to 34. In six 
experiments at 100 micro units per ml. the corresponding mean 
value is 61, with a range of 51 to 69 per cent. Preliminary ex- 
periments have shown that the experimental procedure is ap- 
plicable to plasma. It would appear, therefore, that the method 
might be suitable for the rapid and simple assay of insulin-like 
activity in plasma or serum samples, and experiments toward this 
end are planned. 


DISCUSSION 


Though no positive proof has been presented, it seems reason- 
able to assume that the positive gas pressures generated by this 
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tissue on addition of insulin are due to carbon dioxide. From 
the results of Winegrad and Renold (1, 2) it would appear that 
most of this carbon dioxide is generated by way of the reactions 
given in Equations 1 and 2. Some carbon dioxide may be re- 
leased from the bicarbonate of the medium due to lactic acid 
formation. The percentage of the total that is formed in this 
manner must be relatively small since the lactic acid determina- 
tions that we have performed so far have shown that on the 
average lactic acid production can at best account for only 10 to 
20 per cent of the carbon dioxide released when an active piece 
of tissue is employed. 

It is of interest to compare the sensitivity of the adipose tissue 
to insulin as observed here with a few of the many reports in the 
literature on the sensitivity of other tissues to insulin. There is 
a wide discrepancy in the reported sensitivity of the rat dia- 
phragm to insulin. Some workers, such as Stadie and Zapp (9) 
and Perlmutter et al. (10) were unable to obtain any increase in 
glycogen synthesis by the rat diaphragm when the insulin con- 
centration fell below 10-* units per ml. A definite effect on glu- 
cose utilization by the diaphragm was reported by Krahl and 
Park (11) at 10~‘ units of insulin per ml. with a marginal effect 
at 10-° units per ml. On the other hand Willebrands et al. (12) 
obtained responses on the rat diaphragm with as low as 10-° to 
10-* units per ml. A perusal of the papers of these various 
authors has failed to reveal any information concerning the mode 
of dilution of insulin samples which they employed. Randle 
(13) in his studies on glucose uptake by the rat diaphragm clearly 
states that dilution of his insulin samples was carried out with 
the same inorganic medium employed for incubation of the tis- 
sue. He reports that the minimal detectable concentration of 
insulin varied from experiment to experiment, the range of values 
being of the order of 10-‘ to 2 x 10-* units per ml. These find- 
ings are similar to those presented here for adipose tissue when 
a plain Krebs-Ringer bicarbonate solution was employed for both 
dilution of the insulin samples and incubation medium (Table 
Il). Balmain et al. (14) with the use of the same manometric 
technique employed here found that slices of mammary gland 
were unresponsive to insulin concentrations below 10-* units per 
ml. In considering these reports by other workers one wonders 
whether a loss of insulin activity at low concentrations such as 
we have encountered might account in part for their discordant 
results. It would be of interest to know whether the rat dia- 
phragm would show a greater sensitivity and more consistent re- 
sponses to insulin if a gelatin containing medium were to be em- 
ployed both for dilution of insulin samples and for the incubation 
of the tissue. 

The results that we have obtained to date would indicate that 
the epididymal fat pad gives graded responses to insulin over a 
concentration range of 10-5 to 10-* units per ml. , The concen- 
tration at which the response is approximately 50 per cent of the 
maximum appears to bea little below 10~* units per ml. These 
parameters are in general agreement with those reported by 
Willebrands and Groen (15) for the effect of insulin upon the rat 
diaphragm. It is also of interest to note in this connection that 
the concentration of insulin reported by various workers for nor- 
mal serum or plasma from several animals, including man, is 
on the average 10~* units per ml. (cf. Willebrands and Groen 
(15)). Thus the insulin responses observed here on adipose 
tissue in vitro would appear to be within the physiological 
range of concentrations for this hormone. 
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SUMMARY 


A simple and rapid procedure for following the action of insulin 
in vitro upon the rat epididymal fat pad is described. It is based 
upon the measurement of the time course of the over-all gas pres- 
sure changes as observed in a Warburg vessel in the absence of a 
CO, absorbent. The metabolism of this adipose tissue in the 
presence or absence of glucose and without insulin is such that 
more gas is absorbed than is released, i.e. the R. Q. is less than 1. 
Upon the addition of insulin and in the presence of glucose a 
rapid change in metabolism occurs which is reflected in the total 
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the gas consumption. This is presumably due to the release of 
CO, which occurs during the synthesis of fat from glucose. The 
rate of gas release is dependent upon the glucose concentration 
of the medium and is linear with time in the presence of ample 
glucose supplies. The rate of gas release is also a function of the 
insulin concentration within the range 10-5 to 10-* units per ml, 
It is shown that when concentrations of insulin within this range 
are employed in simple salt solutions, unexplained losses of in- 
sulin activity occur. These may be prevented by the addition of 
gelatin to the inorganic media used both for dilution of the insulin 
samples and for the incubation fluid. 
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THE RESPONSE TO INSULIN* 


JEAN M. HaGen, Eric G. Batu, AND OcTAviA CooPER 


From the Department of Biological Chemistry, Harvard Medical School, Boston, Massachusetts 


(Received for publication, November 6, 1958) 


In the first paper of this series (1) it was shown that the addi- 
tion of insulin tn vitro to the epididymal fat pad of the rat pro- 
duces a change in the pad’s metabolism which was reflected in a 
marked increase in the R. Q. of the tissue which could be readily 
measured manometrically. On the basis of the work of Winegrad 
and Renold (2, 3) and the fact that a concomitant increase in O» 
consumption is not observed, this marked alteration in the over- 
all gas exchange was considered to be an indication of the stimu- 
lation by insulin of fatty acid synthesis from glucose. In the 
experiments to be reported here a study has been made of the 
effect of alterations in the composition of the medium on this 
response of the epididymal fat pad to insulin. This investiga- 
tion was undertaken chiefly for the purpose of ascertaining the 
optimal conditions to be employed before proceeding to further 
studies on this tissue. Incidental to this study it was necessary 
to make a comparison of the response shown under uniform con- 
ditions by each of four pieces of tissue obtained from the epididy- 
mal fat pads of a single rat. Thus data on this point are also 
presented along with observations on a comparison of wet weight 
versus total nitrogen values as a basis for the expression of tis- 
sue activity. Some results on the variation in adipose tissue re- 
sponse to insulin in relation to the age of the rat are also given. 


EXPERIMENTAL - 


Male rats obtained from the Holtzman Company and main- 
tained on a diet of Purina laboratory chow ad libitum were used 
throughout. The procedure for obtaining the epididymal tissue 
and its handling were in general as described previously (1). 
Usually in this study two pieces of tissue were obtained from the 
right epididymal fat pad and two from the left in the following 
fashion. The free portion of the fat pad was removed from the 
animal by holding it with forceps just distal to the point of entry 
of the epididymal blood vessels and cutting at this level. A 
piece of tissue (100 to 200 mg.) was now cut off the free tip of the 
fat pad; this is called the distal portion. The piece of tissue next 
to the distal portion (100 to 200 mg.) was then cut off; this is 
called the proximal portion. That part of the fat pad which had 
been held with the forceps was discarded. 

Warburg vessels without a center well and with a total volume 
of § to 12 ml. were employed. In the main compartment of the 
vessels there were placed 1.35 ml. of an incubation medium which 
contained 3.6 mg. of glucose per ml. The side arm contained 
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0.05 ml. of an insulin solution (3 units per ml.). Upon tipping 
the contents of the side arm the final concentration of insulin in 
the flask thus becomes 0.1 unit per ml. if it is assumed that the 
piece of tissue contributes 0.1 ml. to the total volume. This 
concentration of insulin has been found to be approximately 100 
times that necessary to cause maximal stimulation (1). The 
stock solution of insulin was prepared from the same insulin 
sample and in the same manner as described previously (1). 
Working solutions containing 3 units per ml. were prepared by 
diluting this stock solution with the medium to be employed for 
incubation. 

In all cases the CO, gas mixture to be employed was bubbled 
through the medium to adjust the pH before the addition of the 
tissue. After attachment of the flasks to their manometers the 
flask contents were equilibrated with this gas mixture for 5 min- 
utes at 37°. Unless otherwise stated the gas mixture employed 
was 5 per cent CO-95 per cent air. 

We have employed the bicarbonate-buffered Ringer solution 
described by Krebs and Henseleit (4) as a standard with which to 
compare media of different composition. This medium (No. 1, 
Fig. 2) was modified by alterations in its composition in the man- 
ner shown in Fig. 2. In addition, three other incubation media 
were used in which the cation was either all sodium, all potassium, 
or an equal mixture of the two and the only anions were chloride 
and bicarbonate. These media had the following composition: 
A, NaCl, 0.125 m; NaHCOs, 0.025 m; B. KCI, 0.129 a; KHCOs, 
0.025 m; C. NaCl, 0.063 m; KCI, 0.065 m; NaHCO;, 0.0125 m; 
KHCOs3, 0.0125 m. 

In some experiments the tissues were removed from the flasks 
at the end of the incubation and prepared for nitrogen estima- 
tions. They were homogenized in either (a) 10 per cent tri- 
chloroacetic acid or (6) a mixture of alcohol (45 per cent)-ether 
(25 per cent)-water (30 per cent) and made to a total volume of 
10 ml. with the same fluid used to make the homogenate. An 
aliquot (usually 0.5 ml.) of this homogenate was digested with 1 
ml. of 9 N sulfuric acid; after approximately 1.5 hours of heating 
3 drops of 20 per cent hydrogen peroxide were added and the 
sample was reheated for 15 minutes. The ammonium ion formed 
was measured colorimetrically with the use of Nessler’s reagent. 
Homogenization of the tissue in alcohol-ether-water mixture, as 
recommended by Aldridge (5) for precipitating protein, has an 
advantage over the use of water or trichloroacetic acid in that 
the fat dissolves or emulsifies in the organic solvents and does not 
adhere to the walls of the glassware thus entrapping protein with 
it. The accuracy of the pipetting is therefore greater when this 
medium is used. 
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The data to be presented were obtained with the same general 
experimental procedure described previously (1). Manometric 
readings were made on each piece of tissue at 10-minute intervals 
for a 40- to 60-minute initial period before tipping insulin from 
the side arm. Readings were then continued in the same fashion 
for a period of time sufficient to establish the linearity of the rate, 
usually 40 to 60 minutes. Results are expressed in terms of ul. 
of CO, evolved per hour per 100 mg. of tissue (wet weight) as 
calculated from the net change in rate that occurs beforeand after 
the addition of insulin. 


RESULTS 


The general procedure employed in these studies is one in which 
four pieces of adipose tissue from a single rat are compared one 
with another under conditions where the composition of the 
medium or gas phase is varied. It is therefore important to es- 
tablish first the degree of variability that may be expected when 
the responses of four pieces of tissue from one rat are compared 
under identical experimental conditions. In Table I there are 
presented the results obtained of such a comparison in 25 experi- 
ments. Two points are brought out by these results. First, 


TABLE [ 
Comparison of responses to insulin of four pieces of epididymal 
adipose tissue from one rat 

Each experiment was performed in the same manner as that 
depicted in Fig. 3 except that the incubation medium for all four 
pieces of tissue was Krebs-Ringer bicarbonate solution; gas 
phase, 95 per cent air-5 per cent CO:; insulin concentration 0.1 
unit per ml. 


Tissue 
Experiment 
Right distal | Right proximal Left distal | Left proximal 
pl. CO2/100 mg./hr. 
1 39.8 61.5 55.0 54.5 
2 29.3 33.2 29.5 23 .6 
3 18.4 14.0 30.0 20.8 
4 26.4 29.4 23.7 23 .6 
5 28.4 23.4 26.7 31.0 
6 69.1 63.1 87.5 63.5 
7 31.8 29.6 30.5 32.6 
8 31.1 27.8 39.8 34.6 
9 29.0 31.2 22.4 20.4 
10 20.4 20.8 22.7 29.3 
11 13.4 22.8 16.2 24.4 
12 8.4 9.1 10.3 9.6 
13 30.4 27.3 31.0 39.0 
14 47.2 41.3 74.4 42.9 
15 61.0 47.3 50.3 44.5 
16 48.5 36.1 50.0 31.2 
17 59.3 44.3 56.3 55.0 
18 16.6 20.5 23.1 23.6 
19 21.3 19.4 21.8 17.4 
20 30.2 15.7 46.9 34.1 
21 22.0 17.0 19.4 17.1 
22 25.8 22.6 39.5 32.5 
23 30.9 33.7 36.4 33.2 
24 32.7 16.9 30.5 23.8 
25 25.7 15.9 24.4 18.1 
Mean 32.1 29.0 35.9 31.2 
Per cent 100 90.5 112 7 


Metabolism of Adipose Tissue. II 


TABLE II 


Comparison of activity of tissue as expressed in terms of its wet 
weight versus its total nitrogen content 

In the preparation of the extracts for nitrogen estimations the 

tissue was homogenized in 10 per cent trichloroacetic acid in Ex- 

periments 1-4 and in an alcohol (45 per cent)-ether(25 per cent)- 

water(30 per cent) mixture in Experiments 5-8. All other con- 
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ditions as described for the data presented in Table I. 


Wet weight Total nitrogen 
Experiment | Right Left Right 
Righ gn . | Righ igh t 
distal distal | distal 
pl. CO2/100 mg. tissue/hr. pl. CO2/100 pg. N/hr. Ae 
1 16.6 | 20.5 | 23.1 | 23.6) 6.5 |} 5.9) 5.9 
2 21.3 | 19.4 | 21.8 | 17.4; 8.5 | 7.1] 11.1] 9.2 
3 30.2 | 15.7 | 46.9 | 34.1 | 18.1! 5.8 | 19.1 | 17.3 
4 22.0 | 17.0 | 19.4! 17.1; 8.3 6.2 19.5) 7.0 
5 26.2 | 23.9 | 41.2 | 34.0 | 12.3 | 10.7 | 22.8 | 16.6 
6 30.9 | 33.7 | 36.4 | 33.2 | 18.1 | 29.2 | 23.1 | 27.0 
7 32.7 | 16.9 | 30.5 | 23.8 | 16.2 | 11.0! 13.3 | 13.6 
8 25.7 | 15.9 | 24.4 | 18.1 | 52.5 | 64.5 | 40.7 | 37.5 
Mean 25.7 | 20.4 | 30.5 | 25.2 | 16.2 | 16.8 | 19.8 | 16.0 
Per cent |100 80 119 98 100 104 122 99 


there is a variation in the response obtained in different pieces of 
tissue from the same rat. In an individual experiment this vari- 
ation may be fairly large, as for example in Experiments 3, 14, 20, 
and 22 where the rate for one piece deviates from the mean for 
all four by 28 to 50 per cent. In other cases there may be very 
good agreement of the rates for all four pieces of tissue, e.g. Exper- 
iments 7, 19, and 23. However, if the mean values for the 25 
experiments shown in Table I are compared and the value for the 
right distal portion of tissue is taken as 100, then the greatest 
variation observed in the series is no more than 12 per cent. It 
would appear that on the average the left fat pad shows more 
activity than the right and that the distal portion is more active 
than the proximal. The latter result may be a reflection of the 
fact that the distal portion of the fat pad is much the thinner of 
the two. It is also of interest to note that in those experiments 
(3, 14, 20, 22) where the poorest agreement is found, the piece of 
tissue which is most out of line is the left distal portion. 

This variability in the activity as expressed in terms of total 
wet weight for different pieces of adipose tissue from the same rat 
is perhaps not too surprising when it is considered that the cellu- 
lar protoplasm of this tissue forms but a small portion of the 
total wet weight. The total nitrogen content of this tissue is on 
the average only 0.26 mg. per 100 mg. wet weight. It was there- 
fore of interest to learn whether better agreement would be ob- 
tained if activities were expressed in terms of total tissue nitro- 
gen rather than on a wet weight basis. The results of eight 
experiments directed toward this end are given in Table II. In 
each of these experiments four pieces of tissue from a single rat 
were weighed and their maximal response in the presence of 0.1 
unit of insulin per ml. was measured in the usual manner. At 
the end of the incubation the tissues were removed from the 
Warburg vessels and homogenized. The incubation medium 
was discarded. In the first four experiments listed in Table II 
10 per cent trichloroacetic acid was used as the fluid for homogen- 
ization; in the second four an alcohol-ether-water mixture was 
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employed. Total nitrogen was then determined as described 
under ‘‘Experimental.”” Noattempt has been made to correct for 
the nitrogen contributed by the added insulin as this is insignifi- 
cant (1 wg. of N per flask). 

It can be seen from the data presented that the use of total 
nitrogen values as a basis for the calculation of activity did not 
appreciably alter the variation in activity encountered in the four 
pieces of tissue obtained from one rat. In general the pattern of 
variation runs the same regardless of the means used for expres- 
sion of the results. For some unknown reason the nitrogen con- 
tent of the tissue used in Experiment 8 was unusually low. It 
would seem therefore that for the purposes at hand the wet weight 
of the tissue provides as satisfactory a basis for the calculation 
of results as total nitrogen. 

In preliminary experiments attempts were made to estimate 
the protein N of the adipose tissue. When trichloroacetic acid 
was used as the precipitating agent only 5 to 15 per cent of the 
total N could be centrifuged down as protein N; the remainder 
was trapped in the supernatant fatty layer. When alcohol-ether- 
water mixture was used as the homogenizing medium, from 50 to 
96 per cent of the total N could be centrifuged down. However, 
the proportion of total N to protein N was never sufficiently con- 
stant for us to place confidence in the use of the values as a basis 
for expressing activity. 

The second point that is brought out by the data of Table II 
is that the magnitude of the response obtained varies from rat to 
rat. This is due in part to the age of the rat, as is shown by the 
data presented in Fig. 1 where the maximal response obtained to 
insulin in terms of yl. of CO» per 100 mg. per hr. is plotted against 
the weight of the rat from which the tissue was obtained. Each 
point on this figure represents the rate observed for the right distal 
portion of the epididymal fat pad of one rat, a total of 87 rats be- 
ing represented all told. The greatest response to insulin is 
shown by tissue from rats with weights in the range of 160 to 250 
gm. ‘Tissue obtained from rats whose weight exceeds 250 gm. 
shows a much smaller response to insulin and the values tend to 
form a plateau at a value in the neighborhood of 10 wl. for the 
older rats. Preliminary experiments indicate that the small 
amount of CO, production evoked by insulin in tissue from the 
older rats can largely be accounted for by lactic acid production. 
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Fic. 1. The response of epididymal adipose tissue to insulin 
in relation to the weight of the rat from which it was obtained. 
Each point represents the rate for the right distal portion of the 
epididymal fat pad in response to insulin, 0.1 unit perm]. Experi- 
mental conditions as described in the text. 
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Fic. 2. The effect of changes in the inorganic composition of the 
Krebs-Ringer incubation medium upon the response of epididymal 
adipose tissue to insulin. The standard medium (No. 1) is made 
by combining the following: 100 ml. of 0.154 m NaCl, 21 ml. of 
0.154 Mm NaHCOs, 4 ml. of 0.154 m KCl, 1 ml. of 0.154 m KH2PO,, 
3 ml. of 0.11 M CaClz, 1 ml. of 0.154 m MgSO,. The presence or 
absence of a component of medium No. 1 is indicated by a plus or 
minus sign while the figure 4 means that the concentration is one- 
half that present in medium No. 1. When a component was 
omitted, water was added in its place so as to bring the medium 
to the same total volume. Each experiment is represented by 
@ and the mean for any given set of experiments is indicated by a 
horizontal line. In each case the response obtained in an experi- 
mental medium is compared with the response shown by a piece 
of tissue from the same rat in medium No. 1. The response ob- 
tained in medium No. 1 is taken as unity and the response in the 
experimental medium is expressed in terms of the percentage of 
this value. Other experimental conditions as described in the 
text. 


As a consequence of these observations we now employ rats in 
the weight range of 150 to 250 gm. for most of our experiments. 

In Fig. 2 data are presented on the effect of changes in the 
composition of the Krebs-Ringer bicarbonate solution on the 
response of the adipose tissue to insulin. The result of each ex- 
periment is represented by a solid circle and expressed in terms 
of percentage of response obtained with a piece of tissue from the 
same rat in Krebs-Ringer-bicarbonate (Medium 1). An effort 
was made to see that the piece of tissue employed in the standard 
medium was varied as to its source so that sometimes it was from 
the left fat pad, sometimes from the right, sometimes the distal 
portion and sometimes the proximal. The basic experimental 
procedure employed to obtain this data was similar to that in the 
experiment which is depicted in Fig. 3. The mean of the results 
for any given medium is indicated by a horizontal line. 

The results shown in Fig. 2 indicate that alterations in the 
standard Krebs-Ringer bicarbonate medium produced in no case 
a better medium for tissue activity, the mean lying always below 
100 per cent. In interpreting these results, however, we feel that 
little significance should be attached to any experiment in which 
the mean lies within about 80 per cent of the response of the 
standard medium. This is because variations of about this mag- 
nitude may be encountered in a series of experiments between 
pieces of tissue from the same rat even in identical media as is 
shown by the data of Table I. Hence one may conclude that 
very little effect is to be noted if certain single components or 
even certain pairs of components of the standard medium are 
omitted. The only modifications which can be considered to 
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have altered the tissue response on this basis are the omission of 
potassium and calcium (Medium 7); potassium and magnesium 
(Medium 8); calcium, magnesium, and phosphate (Medium 12); 
and perhaps the omission of magnesium, phosphate, and half the 
calcium (Medium 11). 


MEDIA — 


30F e KREBS-RINGER-HCO; 

x NaCl - NaHCO, 

| o KCI- KHCO; 

50% No MEDIUM: 50% K MEDIUM 


INSULIN 

units 
S 10 


30 60 90 120 iSO 180 
MINUTES 

Fic. 3. The response of epididymal adipose tissue to insulin 
in a medium containing either sodium or potassium as the single 
cation. Four pieces of tissue from a single rat were employed. 
The composition of the media is given in the text. Gas phase 5 
per cent CO2-95 per cent air; glucose concentration, 3.6 mg. per 
ml.; insulin added at 60 minutes to yield a final concentration in 
the flask of 0.1 unit per ml. Temp. 37.2°. 
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It should be pointed out that a small dilution of not more than 
5 per cent occurred when some of the modified media were pre- 
pared. A few experiments were therefore run in which Krebs- 
Ringer-bicarbonate solution was diluted to this same extent and 
compared with the undiluted medium. No significant difference 
was found. 

Experiments were next run in media which contained either 
potassium or sodium as the only cation and chloride and bicar- 
bonate as the anions. The composition of these media are given 
in the text. A typical experiment of this sort is illustrated in 
Fig. 3. Here four pieces of tissue from a single rat were each 
run in a different medium. One piece was incubated in Krebs- 
Ringer bicarbonate which served as a standard for comparison, 
In this medium the tissue showed the usual metabolic pattern of 
an R. Q. lower than 1 before insulin is added and a marked evolu- 
tion of CO, after insulin addition, which was linear with time. 
When the fat pad was incubated in the medium in which po- 
tassium was the only cation, its R. Q. was greater than 1 before 
the addition of insulin and the rate tended to increase with time. 
The addition of insulin caused but a little change in this rate and 
in time the rate decreased below the initial. In an all sodium 
medium the pattern of metabolism is more like that seen in the 
Krebs-Ringer bicarbonate medium. The initial R. Q. is near to 
1 and the addition of insulin stimulates CO. production. The 
response to insulin is, however, never as great in the all sodium 
medium as in the Krebs-Ringer bicarbonate and the rate does 
not remain linear with time but tends to decrease as the experi- 
ment progresses. When the incubation medium is composed of 


TaBLeE ITI 
Tissue activity in relation to changes in pH of medium as produced by variations in bicarbonate concentration and CO: tension 
Rates are expressed as ul. of COz per 100 mg. of tissue (wet weight) per hour. The rate observed at pH 7.40 is used as the stand- 


ard (100 per cent) in calculation of the percentage response. 


All experiments were run in a calcium free medium (see text for further 


details) and in the manner depicted for the experiment given in Fig. 3. The pH values are those determined with the glass electrode 
at approximately 25° on aliquots of the media equilibrated at this same temperature with the gas mixture employed. pH values 
were also determined on the incubation media at the end of the run and did not vary appreciably from those given. The gas mix- 
tures employed were CO>,-air mixtures obtained commercially. The mixture reported as containing 5 per cent CO2 was not analyzed 


and is therefore an approximate value. 


Sir eee 7.40 7.22 7.88 7.22 7.53 
COz in gas phase....... 5% 5% 5% 9.2% 9.2% 
25 12.5 50 25 50 
HCO;-, mmoles/l....... 
Rate % Rate % Rate % Rate % Rate % 
Rat No. 1 62.0 33.2 53.5 48.0 77.9 
28 .6 46.0 
2 48.0 | 28.0 58.0 44.9 93.5 
37.4 78.0 
3 34.8 (21.5 62.0 
4 47.7 29.5 61.8 52.9 111.0 
36.0 75.5 
5 58 .0 41.5 71.5 38.9 67.0 
39.3 68.0 
6 21.0 17 81.5 
17.1 81.5 19.9 95.0 
7 29.5 19.7 72.0 
21.2 77.0 30.3 110.0 
8 50.0 37.2 74.5 
42.9 86.0 41.5 84.0 
9 34.5 26.7 77.5 35.3 103.0 
Mean (%) 100 65.6 81.9 76.9 89.5 
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TaBLeE IV 
Tissue activity in relation to oxygen content of gas phase 


Each experiment performed in a manner similar to that shown 
in Fig. 3 with Krebs-Ringer bicarbonate medium and an insulin 
concentration of 0.1 unit per ml. 


Gas phase 
Experiment 
5% CO2-95% air 5% CO2-95% O2 
pl. CO2/100 mg./hr. 
1 18.0 14.9 
2 27 .2 32.8 
3 39.6 59.7 
4 43.0 46.0 
5 44.6 44.9 
6 55.5 39.3 
Mean 38 .0 39.6 


equal parts of the all sodium medium and the all potassium me- 
dium, the response of the tissue is always better than in either one 
of the two media alone and it approaches more nearly the be- 
havior of tissue in Krebs-Ringer bicarbonate. This pattern has 
been seen repeatedly in a series of experiments of this type. 

The results of studies of the effect of pH on the response of rat 
epididymal adipose tissue to insulin are shown in Table III. In 
these experiments the pH was varied as indicated by alterations 
in the bicarbonate concentration and the CO: tension. Four 
pieces of tissue from one rat were employed in each experiment; 
one piece in all cases being run in the standard medium as a basis 
for comparison. The standard medium employed here was the 
Krebs-Ringer bicarbonate from which calcium was omitted since 
at the higher concentration of bicarbonate a precipitate of cal- 
cium salts occurred. As shown by the data presented in Fig. 2 
the omission of calcium from the medium does not itself cause 
any significant change in the response of the tissue to insulin. 
Alterations in the sodium bicarbonate content of the experimental 
media were compensated for by the addition or removal of equi- 
molar amounts of NaCl so that the total osmolarity of the solu- 
tion remained unchanged. The results obtained have been ex- 
pressed in Table III in terms of the absolute rates and also as the 
percentage of the response obtained in the experimental media 
with that in the standard. On the average it will be seen that 
the rate falls off as the pH is varied on either side of 7.4. This 
occurs whether the change in pH is brought about by alteration 
of the bicarbonate concentration or CO, tension or both. The 
tissue would appear from these results to be more sensitive to 
changes on the acid side than on the alkaline side of pH 7.4. We 
conclude from these experiments that a pH value near 7.4 is op- 
timum for the stimulation by insulin of lipogenesis in the epididy- 
mal fat pad. 

Finally, a comparison has been made of the response to insulin 
by the rat epididymal fat pad when the gas phase was 5 per cent 
CO.-95 per cent O2, as compared with 5 per cent CO.-95 per cent 
air. The results of six experiments of this type are shown in 
Table IV. On the average no important differences are to be 
noted by changes in the oxygen content of the gas phase. 


DISCUSSION 


The data presented here indicate that the stimulation by in- 
sulin in vitro of metabolic processes in the epididymal fat pad is 
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sensitive to alterations in the inorganic composition of the incu- 
bation medium. The behavior of adipose tissue in this respect 
is not unlike that of the rat diaphragm on which studies of a 
similar nature have been made with regard to the ability of insulin 
to stimulate the conversion of glucose to glycogen in this tissue 
in vitro. For example, Stadie and Zapp (6) reported that the 
stimulation by insulin of glycogen synthesis in rat diaphragm was 
prevented by the use of a medium in which potassium was the 
only cation. A similar finding for mouse diaphragm was reported 
by Oyama and Grant (7). The results presented here show that 
the use of a medium containing potassium as the only cation re- 
sults not only in a failure to obtain a response to insulin but pro- 
duces an initial, though short lived, increase in the R. Q. of the 
adipose tissue. On the other hand, the omission of potassium 
from the medium has much less effect upon the response of adi- 
pose tissue or diaphragm to insulin. Stadie and Zapp (6) found 
that a maximal effect of insulin on glycogen synthesis in rat dia- 
phragm in vitro was obtained in a phosphate-buffered saline solu- 
tion in the complete absence of potassium. Adipose tissue re- 
sponds to insulin in a medium containing sodium as the only 
cation, but the response is far better if a small amount of potas- 
sium or calcium and magnesium is present. Thus the metabo- 
lism of glucose by both these tissues in response to insulin appears 
to be more favorable in a medium whose cationic composition is 
similar to that of the extracellular fluids. This is not surprising 
and is in agreement with other studies made on the metabolism of 
glucose by intact pieces of tissue in vitro. For example, Ball et al. 
(8) have shown that the very high rate of conversion of glucose 
to lactic acid exhibited by the intact red gland of the fish swim 
bladder in an all sodium medium diminishes progressively as the 
ratio of potassium to sodium in the incubation medium increases. 
On the other hand, when dealing with tissue slices such as liver, 
the work of Flink et al. (9) and Hastings et al. (10) has shown that 
a high potassium environment is needed to maintain the normal 
high intracellular potassium content which seems to be necessary 
for the demonstration of glycogen synthesis from glucose. 

The main variation in the anionic composition of the medium 
which has been studied here has been the omission of phosphate 
which would appear to have but little effect on the response of 
adipose tissue. Stadie and Zapp (6) have reported that the omis- 
sion of phosphate from the medium is without effect upon the 
stimulation by insulin of glycogen synthesis in the rat diaphragm. 
It is important to point out, however, that there is evidence in 
the literature that a marked difference in the response of both 
adipose tissue and diaphragm to insulin may occur depending 
upon whether or not the medium employed is buffered by a bi- 
ecarbonate-CO, mixture. For example, both Haugaard and 
Marsh (11) and Breibart and Engel (12) failed to find an increase 
in the R. Q. of rat retroperitoneal adipose tissue in a phosphate- 
buffered medium upon the addition of insulin. Beloff-Chain et 
al. (13) reported that the C“O, production from uniformly C™- 
labeled glucose by rat interscapular brown adipose tissue incu- 
bated in phosphate-buffered saline was not increased by insulin 
although fatty acid and glycogen synthesis were stimulated under 
these conditions. Winegrad and Renold (2) observed that in- 
sulin stimulated lactic acid production by rat epididymal adipose 
tissue only when it was incubated in a bicarbonate containing 
medium and not in a phosphate medium. This behavior of 
adipose tissue is of interest in relation to the reported requirement 
for bicarbonate by a highly purified fat synthesizing enzyme sys- 
tem from avian liver (Gibson et al. (14)). However, glucose 
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utilization and glycogen synthesis by rat diaphragm also appear 
to be sensitive to the presence or absence of bicarbonate in the 
medium. Beloff-Chain et al. (15) found the rate of glucose utili- 
zation and glycogen synthesis by this tissue to be greater in a 
bicarbonate medium than in a phosphate-buffered medium. 
The two glycolytic systems, the one insulin-sensitive and the 
other insulin-insensitive described by Shaw and Stadie (16) in rat 
diaphragm incubated in a phosphate buffered medium were not 
apparent when the diaphragm was incubated in a bicarbonate 
containing medium (17). It is thus apparent that further in- 
vestigations are needed on the possible role of the CO--bicarbon- 
ate system on the response to insulin to be obtained in vitro with 
both adipose tissue and the diaphragm. 

Adipose tissue would appear to be more sensitive to changes in 
the pH of the medium than diaphragm. Stadie and Zapp (6) 
reported that alterations in pH of phosphate-buffered saline so- 
lution from 6.3 to 7.6 did not alter the stimulation by insulin of 
glycogen synthesis in the rat diaphragm. However, a com- 
parison of the two tissues in this respect is complicated by the 
use of a phosphate buffered medium in the case of the diaphragm 
and a bicarbonate medium in the case of the adipose tissue. 
There is a suggestion from our results that the response of adipose 
tissue to insulin is less affected by lowering the pH by changes in 
CO, tension than by lowering the bicarbonate content of the 
medium. 

It may be concluded from the results presented here that the 
most suitable incubation medium of those tested for the stimula- 
tion of the epididymal fat pad by insulin in vitro is the bicarbon- 
ate-buffered Ringer solution of Krebs and Henseleit (4). It must 
be emphasized, however, that this conclusion applies only to the 
inorganic composition of the medium under conditions where 
insulin is added in excess of that required to produce a maximal 
stimulation. As shown in the preceding paper, it is very impor- 
tant when working with insulin concentrations within the physio- 
logical range to employ a medium containing gelatin or perhaps 
some other protein material. 

The decreased response of the epididymal fat pad to insulin 
with increasing age of the rat observed here is an interesting and 
puzzling one. We have not investigated the response of rats 
weighing less than 150 gm. since the amount of tissue to be ob- 
tained from them is not usually sufficient to provide four pieces 
from a single rat. A change in weight from 150 to 250 gm. occurs 
in a span of about 3 weeks in the strain of rat that we have em- 
ployed. The change in response of the tissue thus occurs within 
a rather short period of time. Whether dietary or hormonal 
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factors are involved remains to be investigated. Ruska and 
Quast (18) have made observations on the R. Q. of rat epididymal 
adipose tissue obtained from rats ranging in weight from 100 to 
400 gm. They found that the R. Q. progressively increased from 
values slightly below 1 to values in the neighborhood of 2 as the 
weight of the rat increased. We have not observed any appreci- 
able variation in the R. Q. of epididymal adipose tissue of rats 
within the weight range 160 to 300 gm. as judged from its initia] 
response before the addition of insulin. The mean initial re- 
sponse of the right distal portion of the epididymal fat pad in 58 
rats has been —2.2 wl. per 100 mg. per hr. It should be noted, 
however, that the experiments of Ruska and Quast were carried 
out in a phosphate-buffered medium. 

In the present experiments, where rats of similar weight and 
nutritional status were employed, no advantage was found in ex- 
pressing the stimulation by insulin in terms of the total nitrogen 
content of the tissue rather than in terms of wet weight. This is 
probably a reflection of the fact that the nitrogen content of the 
epididymal fat pad in these rats appears to be fairly constant. 
In a total of 68 observations we have found a mean value of 2.63 
(s.e. 0.122) mg. of nitrogen per gm. of wet tissue. However, it 
will undoubtedly be necessary to reinvestigate this point when 
comparisons are to be made on animals whose nutritional or 
hormonal status is other than normal. 


SUMMARY 
The effect of insulin upon the metabolism of glucose by epididy- 


mal adipose tissue of the rat was studied manometrically with 


particular reference to the influence of variations in the inorganic 
composition and pH of the medium. The results obtained in- 
dicate that a Krebs-Ringer bicarbonate medium is the most sat- 
isfactory of those tried. Minor variations in the composition of 
this medium produced insignificant changes in the tissue re- 
sponse to insulin. However, the tissue behaved abnormally and 
failed to respond to insulin in a medium containing potassium as 
the only cation. A comparison of the response to insulin to be 
obtained from four pieces of tissue from a single rat indicated that 
considerable variation may be encountered in certain instances, 
but in a series of experiments the mean values showed reasonable 
agreement. No advantage was to be found in the expression of 
activities in terms of total nitrogen rather than on the basis of 
tissue wet weight. Considerable variation in response is shown 
by adipose tissue from different rats and this is in part dependent 
upon the age of the rat. 
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into Serum Lipoproteins in Vitro 
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It has been reported that small amounts of solid cholesterol 
dissolve on prolonged incubation with human serum (1). How- 
ever, the nature of this process has so far been unknown. Lack 
of solubility of cholesterol in water has necessitated the use of 
suspensions stabilized by detergents for the purpose of intrave- 
nous administration in metabolic studies. This procedure can- 
not be regarded as satisfactory, since, as shown in the present 
study, the administered cholesterol, unlike the physiological form 
bound in lipoproteins, has been found to disappear rapidly from 
circulation. In view of the need for a suitable method of prep- 
aration of lipide substances for metabolic studies the present 
work was carried out. It has been found possible to incorporate 
various lipides into serum and serum lipoproteins by transfer 
from a solid phase. Since the preparations obtained by the 
method described apparently have properties of solutions, the 
latter term will be used here to describe their physical state. 
The phenomena observed have possibly a basic significance in 
the transport mechanism of lipide substances in vivo. 


EXPERIMENTAL 


4-C'4-cholesterol was purchased from the Nuclear-Chicago 
Corporation and kept refrigerated in a dilute benzene solution. 
H?-labeled cholesterol was prepared by the Wilzbach method (2) 
and purified by recrystallization from alcohol with pure carrier 
cholesterol and subsequent passage through the dibromide ac- 
cording to Schwenk and Werthessen (3). Both the 4-C'- and 
the tritium-labeled cholesterols were identified by their infrared 
spectra. They were shown to be free of more polar oxidation 
products by chromatography on alumina according to the method 
of Fredrickson (4). H*-labeled corticosterone, H*-desoxycorti- 
costerone, 4-C'4-progesterone, and 4-C'*-testosterone were exten- 
sively purified until chromatographically homogeneous.' Serum 
lipoproteins were prepared by fractional centrifugation (5) and 
dialyzed against 0.9 per cent sodium chloride. Serum albumin 
was human serum Fraction V. 

In order to facilitate solubilization the lipide compound was 
dispersed in a 1:100 proportion by weight on Celite 545 by mix- 
ing a pentane solution of the compound with the carrier and evap- 
orating the solvent. The treated Celite was subsequently shaken 
under nitrogen at 37° with whole serum, or a serum fraction in a 
proportion of 50 mg. of Celite to 1 cc. of liquid. Unless other- 
Wise stated, the incubation continued for 20 hours, and the sus- 
pension was subsequently filtered through a Swinny filter. A 
measured amount of the filtrate was extracted with a mixture of 
alcohol and acetone, 1:1, and the radioactivity determined in a 


‘ These four materials were kindly supplied by Dr. R. Peterson. 


Packard scintillation spectrometer. In the case of cholesterol 
or other nonpolar sterols only negligible amounts of label were 
found in solution in the absence of protein. In some instances 
a chemical analysis of the protein and lipide moieties of the lipo- 
proteins was carried out. Cholesterol was determined by the 
Sperry and Webb method (6), with an error not exceeding 2 per 
cent. 


RESULTS 


In order to ascertain that the labeled material incorporated 
into serum by the method described was cholesterol the follow- 
ing experiments were carried out. Both 4-C'*- and tritium- 
labeled cholesterol were dissolved in two serum samples, the 
lipides of which were subsequently extracted with alcohol-ace- 
tone (1:1); saponified and the nonsaponifiable fractions were ex- 
tracted with heptane. The latter were chromatographed on 
paper according to Neher and Wettstein (7) alongside samples 
of the two starting materials. When the chromatogram of the 
C'-containing samples was radioautographed, a single radio- 
active spot was obtained in each case. The R» values for these 
spots were identical and coincided with the single colored spot 
developed by spraying with phosphomolybdic acid. It has been 
reported that this paper chromatographic system clearly sepa- 
rates cholesterol from several dihydroxy- and trihydroxysterols, 
which are likely to be formed as a result of oxidation of cholesterol 
(8). Radioactivity on the chromatogram of the tritium-contain- 
ing samples was detected by cutting the paper into sections, 
eluting with ethanol, and counting in the Packard scintillation 
counter. The tritium-labeled material isolated from incubated 
serum also appeared to be identical with the starting material. 

It was found that distribution of cholesterol on the surface of 
a carrier greatly increased the rate of its dissolution in serum. 
Various amounts of Celite were impregnated with a constant 
amount of labeled cholesterol and then incubated for 2 hours 
with rat serum. As shown in Fig. 1, the incorporation of radio- 
active cholesterol increased rapidly with the amount of Celite 
used. Centrifugal fractionation of human and rat sera treated 
by this method with labeled cholesterol and subsequent deter- 
mination of radioactivity in each of the fractions revealed that 
the largest part of the dissolved cholesterol was associated with 
the various lipoprotein classes (Table [). Isolated serum lipo- 
proteins were shown to take up cholesterol in a similar fashion. 

The amounts of labeled cholesterol dissolved by human and 
rat serum, serum albumin, and human &; 3-8 lipoproteins? were 


2 Lipoproteins S; 3-8 were floated in the ultracentrifuge at sol- 
vent densities 1,109 < d < 1,063. 
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followed as a function of the time of incubation (Fig. 2). Serum 
albumin exhibited complex-formation with only small amounts 
of cholesterol, the saturation point being reached rather rapidly. 
Human serum dissolved considerably more cholesterol and the 
amount of label incorporated continued to rise after 48 hours. 
Isolated serum §,; 3-8 lipoproteins gave a similar time curve. The 
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Fic. 1. Dependence of rate of incorporation of 4-C'-cholesterol 
on the amount of Celite. Rat serum, 2 cc.; time of incubation, 2 
hours. 


TABLE I 


Distribution of 4-C'4-cholesterol between centrifugal 
fractions in wg. per cc. of serum 


Source Fraction* 
Human serum d < 1.019 40 
1.019 <d < 1.063 85 
1.063 < d < 1.21 17 
ad > 1.21 5 
Rat serum d < 1.21 40 
d > 1.21 8 


* Serum proteins were fractionated into the classes indicated, 
on the basis of density, d (5). 
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Fic. 2. Time curves of uptake of 4-C'4-cholesterol; S. A., serum 
albumin. 
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TABLE II 


Uptake in vitro of sterols by albumin and lipoprotein 
S; 3-8 in wg. per cc. 


Solvents* 
Compound 

Control 1 t per cont 

(buffer) | albumin | HPgprotein 
4-C'4-A‘-cholestenone........ 0 19 166 
4-C'4-cholesterol............. 2 36 334 
6 79 226 
4-C'4_progesterone.......... 16 150 363 
4-C'4-testosterone........... a1 . 279 258 
H-desoxycorticosterone..... 85 263 608 
H?-corticosteronet........... 149 642 730 


* Serum albumin was dissolved in and lipoprotein dialyzed 
against phosphate buffer, pH 7.45, 0.16 Mm. 

Tt Incubated with 100 mg. of impregnated Celite per cc. to ex- 
ceed saturation of corticosterone. 


TABLE III 


Rise in content of nonesterified cholesterol in lipoproteins 
S; 3-8 after incubation with cholesterol 


Free cholesterol in lipoproteins 
% 


relatively large amount of cholesterol dissolved by 0.5 per cent 
lipoprotein solution again indicated that this fraction may be 
responsible for most of the solubilizing capacity of whole human 
serum. 

Several other sterols and steroids were also taken up by serum 
lipoproteins, in most cases, to a greater extent than by an equal 
amount of serum albumin (Table IT). 

Isolated S; 3-8 lipoproteins were incubated with 4-C'-choles- 
terol-treated Celite, and the solution was analyzed for total 
lipoprotein and nonesterified cholesterol before and after the 
treatment (Table III). After the incubation procedure there 
was an increase in the percentage content of free cholesterol. 
This suggests that free cholesterol had been added to the pre- 
existing complex. It was shown by Hagerman and Gould (9) 
that serum-unesterified cholesterol, incorporated in vivo, ex- 
changes with cholesterol of red cells after incubation in vitro. A 
similar experiment was carried out by incubating unlabeled rat 
red cells with rat serum containing 4-C'*-cholesterol incorporated 
in vitro. Samples were withdrawn at various times, and the 
specific activities of free cholesterol in serum and cells were deter- 
mined. The results presented in Fig. 3 reveal a progressive ex- 
change of labeled cholesterol similar to that reported for serum 
labeled in vivo (9). 

In order to examine the usefulness of the method for metabolic 
studies the distribution of labeled cholesterol in rat tissues was 
studied after administration of the label in various forms. 4-C™- 
cholesterol incorporated into serum in vitro by the present method 
was given intravenously simultaneously with a suspension of 
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tritium-labeled cholesterol, which was prepared by injecting rap- 
idly an alcoholic solution of cholesterol into 0.9 per cent NaCl. 
Two minutes later the animal was killed, several of its organs 
homogenized in an alcohol-acetone mixture, and the H*:C" ratio 
in the total lipide extract of various tissues determined. In all 
the organs examined the uptake of the cholesterol suspension 
(H*-labeled) was greater than that of the dissolved cholesterol 
(C-labeled) which was the main form remaining in circulation 
(Table IV). 

In a second experiment three rats each received intravenously 
a different form of a preparation of labeled cholesterol. One 
animal was administered serum obtained from a rat previously 
fed H’-labeled cholesterol; the second rat received serum in which 
4-C'*-cholesterol was dissolved in vitro and the third one, a sus- 
pension of H?-labeled cholesterol in 0.9 per cent NaCl. The ani- 
mals were bled periodically and the concentrations of the iso- 
topes in the lipide extracts of the serum samples were determined 
(Fig. 4). The suspended cholesterol almost completely disap- 
peared from circulation, then gradually reappeared. On the 
other hand the shape of the disappearance curve of C'-choles- 
terol dissolved in vitro resembled that of the cholesterol incorpo- 
rated into lipoproteins in vivo. Allowance should be made, how- 
ever, for the fact that the in vitro preparation contained the 
labeled compound exclusively in an unesterified form and there- 
fore was subject during the initial phase of the experiment to 
more rapid exchange with tissue cholesterol than the natural 
preparation, in which most of the labeled cholesterol was ester- 
ified (10). 

Serum labeled in vitro with dissolved cholesterol has been ad- 
ministered to several human subjects for metabolic studies and 
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Fic. 3. Exchange of unesterified cholesterol incorporated in 
vitro into rat serum with cholesterol of red cells. 


TABLE IV 
Soluble and suspended cholesterol in rat tissues* 


8.88 
Mixture injected................... 4.0 


* See text for experimental conditions. 
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Fic. 4. Serum concentration of cholesterol administered in var- 
ious forms to rats. Type of preparation and amounts of label 
injected: 

I, serum obtained from a donor animal fed with 4-C'*-choles- 
terol (6 X 104 ¢.p.m.); /7, serum labeled in vitro with 4-C'*-choles- 
terol (1.2 X 10° ¢.p.m.); J//, a suspension of tritiated cholesterol 
(1 X 10% ¢.p.m.). 


here also no excessive disappearance of the label from circulation 
was observed 


DISCUSSION 


The results presented indicate that most of the capacity of 
serum for dissolving cholesterol under the conditions described 
can be attributed to the lipoproteins, particularly to the low den- 
sity fractions. The fact that human serum is a better solvent 
than rat serum may be explained on the basis of the higher con- 
centration of low density lipoproteins in man. Lack of speci- 
ficity with respect to the type of lipide incorporated suggests 
that the phenomenon results from physical solution of the sub- 
stance in the lipide phase of lipoproteins rather than from an 
interaction with specific sites on the protein moiety of the mole- 
cule. 

The concentration of labeled cholesterol which could be in- 
corporated into serum by this method in vitro is far larger than 
the concentration of label which might be achieved in serum by 
feeding or injecting comparable quantities of labeled cholesterol. 
Other sterols and steroids, some not normally present in the cir- 
culation and not absorbed by the organism, may also be dissolved 
in vitro. 

Labeled cholesterol dissolved in serum in vitro resembles cho- 
lesterol incorporated in vivo with respect to two properties ex- 
amined by us. (a) Neither form disappears rapidly from circu- 
lation when injected intravenously. Cholesterol in the form of 
a suspension, on the other hand, is rapidly removed by the tis- 
sues from serum. (6) The characteristic ability of unesterified 
serum cholesterol to exchange with cholesterol of red cells (9) is 
shared by labeled cholesterol incorporated into serum in vitro. 

Circulating lipoproteins have ample opportunity to come in 
contact with lipides on the surface of cells. If an addition of 
cholesterol to lipoprotein complex takes place also in vivo, the 
phenomenon might partially contribute to the transport of cho- 
lesterol in the body. 


?—D. Steinberg and J. Avigan, unpublished results. 
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It has been reported by several authors that normal human 
sera on equilibration with solid cholesterol showed an increase in 
cholesterol content, whereas with sera from hypertensive individ- 
udls a drop in cholesterol concentration was often produced (e.g. 
(11)). The phenomenon observed with abnormal sera can be 
reasonably explained as partial denaturation of the B-lipoproteins 
in the sera examined, an effect that would be especially apparent 
when the latter are elevated. This drop is superimposed on the 
elevation in percentage content of free cholesterol in the remain- 
ing lipoproteins resulting from the treatment with the solid sterol. 


SUMMARY 


1. Cholesterol dispersed on Celite dissolves in the presence of 
whole human or rat serum and of isolated serum lipoproteins. 
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2. Most of the cholesterol dissolved by serum is associated 
with lipoprotein fractions. 

3. Similarly to cholesterol, some other lipides can be solubilized 
in serum, or serum lipoproteins. 

4. Cholesterol incorporated into serum lipoproteins by the 
present method behaves, when administered intravenously, more 
like cholesterol incorporated biosynthetically than does labeled 
cholesterol in the form of a suspension. 

5. It is suggested that the procedure may serve as a conveni- 
ent and useful method for labeling or modifying lipoproteins. 


Acknowledgments—The author is grateful to Dr. Daniel Stein- 
berg and Dr. Donald 8. Fredrickson for helpful discussion and 
criticism. 
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The enzymic inactivation of A‘-3-ketosteroids involves three 
consecutive reactions: (a) saturation of the 4-5 double bond (2); 
(b) reduction of the carbonyl group at 3 to an alcohol (3); and 
(c) formation of a glucosiduronic acid with the “tetrahydro- 
steroid” (4). It has been reported that the double bond satura- 
tion is considerably slower than the carbonyl] reduction and may 
therefore be the rate-limiting reaction in steroid degradation (2). 
Because of reports by Levin and Daughaday (5) and Peterson 
(6) that steroid turnover was accelerated in thyrotoxicosis, the 
effect of thyroxin administration on the enzymic reduction of the 
4-5 double bond was investigated (7). 

Evidence will be presented that thyroxin administration in- 
creases the rate of steroid reduction in two ways: (a) by cating 
an increase in available reduced triphosphopyridine nucleotide 
which is a rate-determining reactant in this process, and (6) by 
causing an increase in a steroid 5a-hydrogenase in liver micro- 
somes. 


EXPERIMENTAL 


Materials—Androst-4-ene-3 ,17-dione was obtained from Nu- 
tritional Biochemicals Corporation. 58-Dihydrocortisone (17a, 
and 56-tetrahydro- 
cortisone (3@ ,20-dione) 
5a-Dihydrocortisone 
(17a-21-dihydroxy-5a-pregnane-3 , 11 ,20-trione) was U.S.P. ref- 


erence standard, No. 292. 3a-OH-5a-tetrahydrocortisone (3a, 


| the enzymic reduction of 5a-dihydrocortisone (2). 


l7a was prepared by 
Other 
steroids were obtained from Sigma Chemical Company. All 
steroids employed were chromatographically homogenous. 
Sodium l-thyroxin, DPN, DPNH, TPN, and TPNH were ob- 
tained from the Sigma Chemical Company. dl-Isocitric acid 
was obtained from Nutritional Biochemicals Corporation. —Iso- 


citric dehydrogenase was prepared by extracting beef heart ace- 


system (8). 
hexane-benzene-methanol-water (two combinations); and ben- 


tone powder with 10 volumes of 0.1 mM sodium phosphate buffer, 
pH 7. 

Identification of Products of Reaction—Steroids were subjected 
to paper chromatography according to modifications! of the Bush 
Cx steroids were separated in three systems: cyclo- 


zene-methanol-water. They were detected by a spray of 0.5 
per cent blue tetrazolium in 2.5 N ethanolic KOH. Cu steroids 


* A preliminary report was presented at a meeting of the Federa- 
tion of American Societies for Experimental Biology (1). 
'R. E. Peterson, personal communication. 


were separated in two solvent systems; cyclohexane-methanol- 
water, and cyclohexane-nitromethane-methanol. They were 
located by spraying the paper with Zimmerman’s reagent (9). 
a,8-Unsaturated 3-ketosteroids were detected as quenching 
areas in ultraviolet light and by soda fluorescence (8). 

Products of reactions were identified on the basis of identical 
mobility in more than one chromatographic system with reference 
steroids. In two instances, 3a-hydroxy derivatives were pro- 
duced enzymatically for more satisfactory identification. 

Animals—Male Sprague-Dawley rats that weighed 45 to 55 
gm. at the beginning of the experiments received intraperitoneal 
injections of Jl-thyroxin, 0.5 umole per day. They were fed 
Purina chow ad libitum. A 10 M solution of thyroxin in water 
was prepared at pH 10. When the solution was neutralized, a 
fine, flocculent precipitate resulted which was dispersed by 
shaking before the injections were given. In preliminary experi- 
ments, control rats received injections of sterile water. This was 
found to be unnecessary and in later experiments uninjected con- 
trols were used. 

Rats that had received thyroxin failed to gain weight as rapidly 
as the controls. The ratios of liver to body weight were ap- 
proximately the same in both groups. 

Assay of A‘-3-Ketosteroid Hydrogenase—The animals were 
killed by decapitation. The livers were removed and homog- 
enized in 2 volumes of 0.25 m sucrose at 0-5° in a glass homog- 
enizer with a motor driver Teflon pestle. 

Steroid reductase activity was determined by measuring in a 
Beckman model DU spectrophotometer the decrease in optical 
density at 240 my which occurred with the saturation of the 4-5 
double bond as previously described (2). Enzyme, buffer, and 
steroid (which had first been dissolved in methanol and diluted 
with 9 volumes of water) were mixed and when TPNH was in- 
cluded, it was either added as such or generated by a system 
consisting of 1.5 umoles of TPN, 5 umoles of MgCls, 0.2 ml. of 
isocitric dehydrogenase, and 50 uwmoles of isocitric acid. 

While the reaction tube was still in ice, an aliquot was pipetted 
into 4 ml. of methylene chloride (purified by passage through 
silica gel) in a glass-stoppered centrifuge tube which was then 
shaken to extract the steroid from the aqueous phase. The tube 
containing the remainder of the mixture was incubated at 37°, 
usually for 5 minutes at which time a second aliquot was re- 
moved and extracted similarly. The extracted aliquots were 
centrifuged and the aqueous phase aspirated. The difference in 
optical density at 240 my between the initial and final aliquot 
indicated the amount of steroid reduced. Substrate reduction 
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was constant for at least 10 minutes and was proportional to the 
amount of enzyme added. 

Glucose-6-Dehydrogenase Assay—Glucose-6-P dehydrogenase 
was assayed in the supernatant fraction from liver homogenates 
centrifuged 100,000 x g for 1 hour (10). 

Inver Slice Expertment—1.5 gm. of liver slices, approximately 
0.05 mm. in thickness, were added to each of two 25-ml. beakers 
containing 0.5 mmole of potassium phosphate buffer, pH 7.4, 5 
“moles of MgCl., and 10 umoles of glucose, in a total volume of 
Sml. To one beaker, 0.5 umole of triiodothyronine was added. 
After 2 hours at 37° in a Dubnoff metabolic shaker, the slices 
were removed, homogenized, and assayed in the presence of ex- 
cess TPNH for steroid reductase activity. 


RESULTS 


Early Effect—Liver homogenates from rats treated only 3 days 
with thyroxin reduced cortisone faster than homogenates from 


TABLE [ 


Effect of thyroxin administration on rate of 
steroid reduction* 


Treated 3 days Treated 20 days 
Without With Without With 
added | generated added | generated 
TPNH TPNH TPNH TPNH 


* Steroid reductase was assayed after different intervals of 
thyroxin administration and expressed as mumoles of cortisone 
reduced per minute per gm. of liver. Reaction mixtures in Col- 
umns 1 and 3 contained 20 uwmoles of tris(hydroxymethyl)amino- 
methane buffer, pH 7.4, 0.25 umole of cortisone, 0.4 ml. of liver 
homogenate in a total volume of 1.1 ml. Reaction mixtures in 
Columns 2 and 4, contained 20 uwmoles of tris(hydroxymethy])- 
aminomethane buffer, pH 7.4, 0.2 ml. liver of homogenate, 0.3 
pmole of cortisone, a TPNH-generating system, and 1.5 wmoles 
of TPN. Total volume 2 ml. 


0.65 LS 195 
TPN ADDED 


Fic. 1. Rate of steroid reduction as a function of TPNH con- 
centration. Components identical to those in Table I, column 2, 
except for TPN. @——@, uninjected control; A——A, thyroxin 
treatment 3 days. 
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Fic. 2. Effect of glucose-6-P and TPN on the rate of cortisone 
reduction. Reaction mixture contained 20 umoles of potassium 
phosphate buffer, pH 7.4; 0.3 umole of cortisone, and 0.4 ml. of 
liver homogenate, total volume 1.4 ml. Where indicated, 25 
umoles of glucose-6-P and/or 0.5 umole of TPN was added. The 
hatched bars represent normal liver homogenate; the solid bars, 
homogenate from rats treated 4 days with thyroxin. 


control rats. When excess TPNH was present however, the 
rates of cortisone reduction in these two preparations were identi- 
cal (Table I, Columns 1 and 2). The effect of increasing TPNH 
concentration on the rate of cortisone reduction in the homoge- 
nates is seen in Fig. 1. Added TPNH greatly increases the rate 
of steroid reduction, indicating that its concentration in this 
system controls the rate of the reaction. It appeared from this 
experiment that an increase in TPNH available for this reduction 
could cause the increase in rate observed in the homogenate from 
the thyroxin-treated rat. 

Glucose-6-P dehydrogenase forms TPNH in the process of de- 
hydrogenating glucose-6-P. For this reason, the specific activity 
of liver glucose-6-P dehydrogenase was measured and found to 
be doubled after 3 days of thyroxin administration.2, Glock and 
McLean (11) had previously reported similar increases in this 
enzyme following 8 days of thyroxin treatment. 

It was therefore of interest to determine whether this increase 
in glucose-6-P dehydrogenase could actually cause an increased 
rate of steroid reduction. In Fig. 2 the increased activity of the 
homogenate from the thyroxin-treated rat is indicated by the 
first pair of bars. Glucose-6-P did not affect the reaction in 
either homogenate but on addition of an excess of TPN, alone 
or with glucose-6-P, there was considerable stimulation of the 
rates of steroid reduction in both homogenates. The control, 
however, never attained the activity of the homogenate from the 
thyroxin-treated animal. It should be noted that in the presence 
of excess TPNH the steroid-reducing activity of the two homog- 
enates is identical (Fig. 1). This demonstrated that in the 
presence of excess TPN and glucose-6-P, steroid reduction pro- 


2 Glucose-6-P dehydrogenase was also increased in adrenals of 
thyroxin-treated rats; unpublished observations. 
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ceeded faster in the homogenate containing increased glucose-6-P 
dehydrogenase. 

Late Effect—When liver homogenates from rats treated with 
thyroxin for 20 days were assayed, an increased rate of steroid 
reduction was again observed (Table I, Columns 3 and 4). In 
this case however, with excess TPNH, the homogenate from the 
thyroxin-treated rat remained about twice as active as the con- 
trol homogenate even though both were greatly stimulated, Fig. 
3. Therefore, the faster rate observed in the homogenate from 
the thyroxin-treated rat could no longer be explained merely by 
increased available TPNH. This effect, although sometimes 
seen before 16 days, was consistently found at 20 days and could 
be produced by triiodothyronine administration for similar pe- 
riods. 

Liver homogenates, from rats that had received cortisone, 0.5 
umole daily for 17 days, when assayed for steroid reducing ac- 
tivity in the presence of excess TPNH were identical to control 
homogenates. 

The possibility of an enzyme activator which might have been 
present in the homogenate from the thyroxin-treated rat was 
ruled out by the following experiment. Conditions were the 
same as described in Table I, Column 4. The activity of the 
control was 180, the thyroxin-treated, 420. When half-aliquots 
of each were mixed and assayed, the activity was 310, an insig- 
nificant variation from the predicted 300. 

The intracellular location of the steroid reductase activity was 
determined in thyroxin-treated and normal rat livers (Table II). 
Half of the steroid reductase activity of the control homogenate 
was accounted for in the soluble fraction. The activity of this 
fraction from the treated rat, although identical to the control, 
represented only 24 per cent of the total activity of the liver, the 
majority being present in the particulate fraction. 

All of the foregoing experiments were carried out using corti- 
sone and androst-4-ene-3 ,17-dione as substrates. When tested, 
similar results were obtained with other A‘-3-ketosteroids (hy- 
drocortisone, deoxycorticosterone, testosterone, and corticoster- 
one). 
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TaBLeE II 
Distribution of steroid reductase activity* in liver 
Thyroxin 
Control treated for 20 
days 
Particulate fraction.................. 98 299 


* After centrifugation at 100,000 < g for 60 minutes, the par- 
ticulate and supernatant fractions were assayed as described in 
‘‘Methods’”’ with excess TPNH. The activity is expressed as 
mumoles of cortisone reduced per minute per gm. of liver. The 
microsomal fraction was found to contain virtually all of the 
activity of the particulate fraction following further fractionation 
by a modification of the method of Schneider and Hogeboom (12). 


TaBLeE III 
Configuration of products of steroid reduction by rat liver fractions* 


Products from androst-4- 


Products from cortisone ene-3, 17-dione 


Liver fraction 


Soluble, normal......| 3a-OH,58-tetrahy- 3a-OH,58-etiochol- 


drocortisone anolone 
Soluble, thyroxin 
drocortisone cholanolone 
Microsomes, normal. .| 3a-OH,5a-tetrahy- | 38-OH,5a-epian- 
drocortisone, 38- drosterone 


OH, 5a-tetrahy- 

drocortisone 

Microsomes,f thy- 
roxin-treated....... da-androstane-3, 17- 
dione, 3a-OH, 5a- 
androsterone 


Same as normal 
microsomes plus 
5a-dihydrocorti- 
sone 


* Conditions for the reduction and preparation of the soluble 
and microsomal fractions are given in Table I and ‘‘Methods.’’ 

Steroids not previously designated in text are androsterone, 
(3a-hydroxy-5a-androstan-17-one); epiandrosterone, (38-hy- 
droxy-5a-androstan-1l7-one); etiocholanolone, (8a-hydroxy-5g- 
androstan-17-one); and 38-OH,5a-tetrahydrocortisone, (38,17a, 
21-trihydroxy-5a-pregnane-11,20-dione). 

t 5a-Androstane-3,17-dione cannot be separated by paper 
chromatography from 5§8-androstane-3,17-dione. The former 
steroid was identified after elution and reduction with rat liver 
3a-hydroxysteroid dehydrogenase (3). The resultant compound 
was identical with androsterone (5a) which can be easily dis- 
tinguished from etiocholanolone (58) which would have resulted 
from the further reduction of 58-androstane-3,17-dione (3). 

5a-Dihydrocortisone produced by reduction of cortisone with 
thyroxin-treated microsomes was further reduced with rat-liver 
3a-hydroxysteroid dehydrogenase (3) and a steroid identical to 
3a-OH , 5a-tetrahydrocortisone was produced. 


To rule out any direct effect of thyroxin or triiodothyronine 


MIN. 


0.65 13 1.95 2.6 on the steroid reductase, these thyroid hormones at a concentra- 

tion of 1. x 10-3 m were preincubated separately with the 

TPN ADDED H M/ml. microsomal fraction from rat liver. In the presence of excess 

Fic. 3. Effect of TPNH concentration on the rate of steroid TPNH, with androst-4-ene-3,17-dione as the substrate, no dif- 

Sg ference in activity was found between the microsomes prein- 

I, 3, cubated with either thyroid hormone, and the control in which 
4, except for TPN. the hormone had been replaced by water. 
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In another attempt to effect an increase in steroid reductase 
activity in vitro, liver slices were incubated with triiodothyronine 
(see ‘““Methods’’) as this compound is thought to have a more 
direct metabolic effect than thyroxin (13). No change in en- 
zyme activity was observed following this treatment. 

Steric Course of Reduction by Cell Fractions—The products of 
the reduction of a representative Cig and Cx steroid by TPNH 
with the soluble fraction and the microsomal fraction of liver are 
listed in Table III. In every case, the soluble enzyme gave rise 
to products with the 58 configuration. The soluble enzymes in 
rat liver which catalyze this conversion have been described (2, 
3). All of the products of steroid reduction with microsomes 
had the 5a configuration. The enzyme in rat liver microsomes 
necessary for this conversion has been described previously (14). 
The tetrahydrosteroids produced by the microsomes from thy- 
roxin-treated rats were chiefly 3a-OH, while the control micro- 
somes produced mainly 38-OH products. 


DISCUSSION 


The experiments presented above indicate that in liver ho- 
mogenates from both thyroxin-injected and normal rats, the 
enzymes responsible for reduction of A‘-3-ketosteroids are not 
saturated with TPNH. Consequently, the rate of steroid in- 
activation is controlled by the concentration of available TPNH. 
This is particularly interesting since the rate of corticoid syn- 
thesis in the adrenal is also regulated by TPNH concentration 
(15). That TPNH controls both processes suggests a homeo- 
static mechanism in which the amount of physiologically active 
steroid would remain constant in the event of concomitant varia- 
tions in TPNH concentration in liver and adrenal. 

The increase in steroid reduction occurring in rats treated only 
3 days with thyroxin appears to be satisfactorily accounted for 
by an increase in available TPNH. A possible explanation for 
the greater concentration of TPNH in the livers of thyroxin- 
treated animals was the increased activity of glucose-6-P de- 
hydrogenase. The mechanism of this increase in glucose-6-P 
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dehydrogenase activity is presently unknown, as is the case with 
a large number of enzymes influenced by thyroxin (16). 

It is conceivable that a number of other processes, e.g. fatty 
acid synthesis (17) and drug metabolism (18), which are de. 
pendent upon TPNH would be similarly affected following 
thyroxin administration. 

After 2 to 3 weeks of thyroxin administration, in addition to 
the increase in TPNH, there occurs a large increase in a micro- 
somal A‘-steroid hydrogenase (5a) with no change in the soluble 
A‘-steroid hydrogenase (58). Asa result of the change in relative 
enzyme levels, the ratio of 58- to 5a-reduced steroids should be 
decreased. The urinary metabolites of testosterone from pa- 
tients receiving triiodothyronine do in fact exhibit this alteration 
in the ratio of 5a to 5@ isomers (19). 

Since the 56-reduced Cg steroids are biologically inert whereas 
many of their 5a epimers are androgenic (20), an interesting 
consequence of the thyroxin-induced increase in steroid hydro- 
genase (5a) is the production of a greater proportion of reduced 
steroids with biological activity. 

The mechanism of thyroxin in effecting an increase in the 
microsomal enzyme, although unknown, is not accompanied by 
an increase in microsomal nitrogen or number. 


SUMMARY 


1. The rate and products of steroid reduction have been com- 
pared in normal and thyroxin-injected rats. 

2. The rate of steroid reduction in liver homogenates from 
both groups was found to be controlled by reduced triphospho- 
pyridine nucleotide concentration. 

3. An increase in the rate of steroid reduction was observed in 
liver homogenates from animals treated 3 days, and was ex- 
plained by an increase in available reduced triphosphopyridine 
nucleotide. 

4. Treatment for 16 days resulted in a large increase in a 
A‘-3-ketosteroid hydrogenase (5a) in the microsomal fraction of 
liver. 
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Electrophoretic Behavior of Serum Amylase* 
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There have been several indications (1, 2) that the amylase 
found in serum is derived from sources other than the pancreas 
or salivary glands. For this reason we wished to determine 
whether any indication of fractionation of serum amylase could 
be obtained by paper electrophoresis. Although several ac- 
counts of the fractionation of amylase in serum are found in the 
literature, some involving precipitation and some involving elec- 
trophoresis, these data sometimes do not agree with one another 
and in other cases are rather limited. Cattaneo and Bassani (3), 
using acetone fractionation at low temperature, found that am- 
ylase in human serum always accompanied the albumin fraction, 
in horse serum, the globulin fraction. Baker and Pellegrino (4) 
using paper electrophoresis with human serum found amylase 
principally in the slow portion of the y-globulin with only small 
amounts in the more mobile fractions. Data for four subjects 
were presented. In paper electrophoresis with mouse serum, 
Deleourt and Delcourt (5) found amylase principally (about 75 
per cent) in the §,- and 82-globulin fractions. Kunkel and Eber- 
hard,’ in a single run using powdered plastic Geon in zone elec- 
trophoresis with human serum, found amylase mainly in the 
albumin fraction and a small amount with the a,-globulin but 
none with the y-globulin fraction. 

In this study, serum fractions obtained by paper electrophore- 
sis were analyzed by a micromodification of the amylase method 
of Van Loon et al. (6). Experiments in which serum was mixed 
with human saliva or pancreatic juice suggest the presence of 
some serum amylase different from salivary or pancreatic amy]- 
ase. 


EXPERIMENTAL 


Amylase activities were determined with use of a micromodi- 
fication of the amyloclastic method of Van Loon et al. (6) devel- 
oped for this investigation. In this modification, quantities were 
reduced to one-tenth of the original amounts. Into 10-ml. 
volumetric flasks was pipetted 0.9 ml. of the starch-buffer sub- 
strate; the flasks were placed in a water bath at 37° for 15 min- 
utes and 1 ml. of the solutions containing enzyme was added to 
the test flasks. For whole human serum, this was customarily 
a 1:100 dilution with 0.9 per cent NaCl. After 15 minutes in- 


* This work was partially supported by research grants (C-2601 
and C-2601C) from the National Cancer Institute of the National 
Institutes of Health, United States Public Health Service. The 
material in this paper was taken from the thesis submitted by Jas- 
per P. Lewis for the Master of Science degree. Inquiries about 
the paper and reprint requests should be addressed to Robert L. 


~ McGeachin, Department of Biochemistry, University of Louis- 


ville School of Medicine. 
1 Personal communication. 


cubation in the 37°-water bath, 6 ml. of water were added fol- 
lowed by 0.8 ml. of a 1:1 dilution with water of Van Loon’s 
working iodine solution (6). The flasks were filled to the marks 
and mixed, and the optical densities of the blue starch-iodine 
mixtures were determined at 660 my in a Model 6A Coleman 
junior spectrophotometer with the use of 10 « 75-mm., round 
cuvettes. For comparative purposes, a further modification in 
which pH 7.6 Veronal buffer (5.80 gm. of barbituric acid, 3.00 
gm. of sodium diethylbarbiturate, and 1.93 gm. of NaCl per 1.) 
was substituted for pH 7.0 phosphate in some determinations. 

The paper electrophoresis apparatus used in most of the deter- 
minations was a plastic horizontal model designed and con- 
structed by one of the authors (J. P. L.). Strips of Whatman 
3 mm. filter paper were equilibrated with Veronal buffer at pH 
8.6. Serum, 20 ul., was applied to each of four strips in a spot 
near the apex and 16 cm. from the anode. A current of 0.44 
ma. per cm. of paper width was applied for 12 hours. At the 
end of this time two strips were removed, dried at 130° for 5 
minutes, and stained with bromphenol blue for 3 minutes. With 
the dyed strips used as a guide, the other two strips were cut so 
that the albumin, q-, a-, 8-, and y-globulin fractions were 
separated. The filter paper strips bearing the separate fractions 
were placed in 15-ml. centrifuge tubes and the amylase eluted 
with 10 ml. of cold (10°) 0.9 per cent NaCl. The tubes were 
stoppered, shaken gently for 10 minutes and centrifuged at 1500 
r.p.m. for 5 minutes to pack the filter paper in the bottom of 
the tube. Amylase determinations were carried out on these 
eluates, as well as the original sera, with the use of the micro 
method with both the pH 7.0 phosphate buffer and pH 7.6 
Veronal buffer. 

In some experiments (running eight strips instead of four) the 
albumin fractions from two strips were eluted with 5 ml. of a 
1:100 dilution of the corresponding whole serum with 0.9 per 
cent NaCl and with 0.9 per cent NaCl alone for two other strips. 
Amylase activities of these eluates were determined by the usual 
method with pH 7.0 phosphate buffer. 

Six runs were made in which the electrophoretic distributions 
were determined both in a normal serum and the same serum 
plus dilute saliva or a few drops of pancreatic fluid. 

Normal human serum of known amylase activity was mixed 
with an equal volume of saturated ammonium sulfate solution 
and allowed to stand at 2° for 2 to 3 hours. The precipitated 
proteins were separated by centrifugation and the supernatant 
fluid carefully removed. The supernatant was dialyzed at 2° 
for 18 hours in a Visking cellulose bag against 0.9 per cent NaC] 
to remove ammonium sulfate. The precipitated proteins were 
washed twice with a 1:1 mixture of 0.9 per cent NaCl and satu- 
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rated ammonium sulfate, centrifuged, redissolved in 0.9 per cent 
NaCl and likewise dialyzed against 0.9 per cent NaCl. Amylase 
activities of both fractions were determined. | 

The normal sera used in this investigation were collected from 
healthy technicians and hospital patients with various disorders 
excluding those with pancreatic involvement. The abnormal 
sera came from patients suffering from acute pancreatitis as 
diagnosed by physical symptoms and serum amylase and lipase 
determinations. 


RESULTS 


The micromodification of the amylase method of Van Loon 
et al. was developed for the very small amounts of sera used in 
electrophoresis and their fractions. Amylase determinations on 
normal human sera with both the macro and micro methods gave 
results in which the mean ratio of micro:macro values was 0.96, 
the differences not statistically significant. Comparison of am- 
ylase activities at pH 7.6 and pH 7.0 gave a ratio of 1.05, the 
difference not significant. It was previously demonstrated (1) 
that for both rat and mouse serum and tissue amylases, the ac- 
tivities were essentially equal in pH 7.0 phosphate and pH 7.6 
Veronal buffers. Determination of serum amylase activities at 
pH’s 6.4, 6.8, 7.0, 7.2 (phosphate buffers), 7.4, 7.6, 7.8 and 8.2 
(Veronal buffers) indicated a rather broad optimal region. Ac- 
tivities from pH 7.0 to 7.6 were essentially the same, dropping 
off to about 85 per cent of the maximum at pH’s 6.4 and 8.2. 
Similar curves were obtained for the amylases from both the 
albumin and y-globulin fractions. 

In Table I the average distributions of serum amylase in 18 
normal sera and 9 sera from subjects with pancreatitis are shown. 
As one would predict from the pH activity determinations, the 
small differences at pH 7.0 and 7.6 are not significant. In nor- 
mal serum there is more amylase in the albumin fraction than 
any other single fraction, although there are appreciable amounts 
in the others. Essentially identical results were obtained in five 
comparative trials with a Spinco model R paper electrophoresis 


TABLE 


Distribution of serum amylase in electrophoretic fractions 
of human serum proteins 


Whole | Albumin} a | a | 8 y | Total 
Amylase units per 100 ml. of normal serum 
pH 7.0 106 125 40 41 54 51 311 
pH 7.6 116 | 112 | 29 | 42 | 53 75 | 311 
Per cent of total in all fractions 
pH 7.0 40 13 13 17 16 
pH 7.6 36 'i“ien 24 
Amylase uniis per 100 ml. of pancreatitis serum 
pH 7.0 685 | 191 | 53 | 51 | 78 | 201 | 574 
pH 7.6 660 187 55 59 40 219 560 
Per cent of total in all fractions 
pH 7.0 33 9 9 | 14 35 
pH 7.6 eet Re 7 39 
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apparatus (Durrum type). When one adds up the amylase in 
all electrophoretic fractions of normal sera, the total exceeds that 
determined for the whole serum by almost 3-fold (311 compared 
to 106). If the discrepancies were due to errors in measurement 
of the relatively small amounts of amylase in the various frac- 
tions, then chance variations in some cases should make the total 
of the fractional amylase values smaller than those for the cor- 
responding whole sera. This was never the case. Furthermore, 
one would expect that possible denaturation during electro- 
phoresis and incomplete elution of amylase from the paper strips 
would tend to make the total of the fractions a little less than 
the original whole. In fact, this was just what was observed in 
the sera from subjects with pancreatitis in which the recovery 
of amylase activity in the electrophoretic fractions was about 85 
per cent of the corresponding whole sera. When the electro- 
phoretic albumin fractions from normal sera were eluted from 
duplicate strips with 0.9 per cent NaCl containing whole serum 
and just 0.9 per cent NaCl alone, the amylase activities of the 
eluates with dilute serum were much lower than the eluates 
without serum. In one outstanding case the amylase level of 
whole serum was 108, that of the albumin fraction recovered by 
elution with the serum-NaCl mixture was 204, and that of the 
same albumin fraction eluted with just NaCl was 1640. In 
other trials, the differences were not quite so pronounced but 
still showed the inhibiting effect of the whole serum. Whereas 
the average whole serum amylase activity was 85 and the elec- 
trophoretically separated albumin fraction eluted with only 0.9 
per cent NaCl averaged 87, the same albumin fractions eluted 
with and measured in the presence of dilute whole serum had 
an average activity of only 20. 

When 20 ul. of serum applied to filter paper was eluted with 
0.9 per cent NaCl without electrophoresis having occurred, the 
recovery of amylase activity was about 90 per cent. Elution of 
an equal size strip of blank filter paper gave an eluate with no 
amylase activity. Serum dialyzed exhaustively against 0.9 per 
cent NaCl showed only a small decrease in amylase activity 
which could be accounted for quantitatively on the basis of a 
slight increase in volume during dialysis. When human serum 
was dialyzed against distilled water, at least 95 per cent of the 
amylase activity was lost. Adding back enough NaCl to make 
its concentration in the dialyzed serum 0.9 per cent completely 
restores the lost activity. 

The pattern of amylase distribution in these pancreatitis sera 
is not the same as in the normal sera. The percentage of amyl- 
ase in the albumin fraction is lower, and that in the y-globulin 
fraction is markedly higher. The absolute amounts in both the 
albumin and y-globulin fractions are higher than in the normal 
with the greater increase found in the y-globulin fraction. The 
differences in percentages and absolute amounts in the other 
fractions are relatively small and not significant. When either 
saliva or pancreatic fluid is added to normal serum, the greatest 
amount of added amylase (Table II) is found in the y-globulin 
fraction. The lowering of amylase of the albumin and a-glob- 
ulin fractions which is seen in most of these trials may be due just 
to dilution of the serum by the added dilute saliva or pancreatic 
juice. At any rate, the small variations in the fractions other 
than the y-globulin are not considered significant. 

Since the point of application of serum was chosen arbitrarily 
as the spot from which the y-globulin fraction moved neither 
forward nor backward, the possibility was considered that the 
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amylase found associated with this fraction might be there only 
because of strong adsorption to the cellulose of the paper. When 
the point of application of serum or serum plus saliva was moved 
11 cm. closer to the cathode, the y-globulin fraction moved for- 
ward 3 cm. in 16 hours. In 12 such trials, very little or no 
amylase remained at the point of application but had moved 
with the y-globulin fraction. After dilute serum was shaken 
with either powdered cellulose or filter paper strips, amylase 
determinations on the supernatant fluid showed that no adsorp- 
tion of the enzyme from solution had occurred. 

In contrast to the electrophoretic results, fractionation of 
human serum proteins with saturated ammonium sulfate and 
determination of the amylase activities of the fractions (Table 
III) showed that the major portion of the amylase activity was 
found in the globulin fraction. Apparently the amylase asso- 
ciated with the electrophoretic albumin fraction does not have 
the solubility properties of albumins. Salivary amylase added 
to serum was likewise precipitated by half saturation with am- 
monium sulfate. 


TABLE II 


Distribution of amylase in normal serum compared to serum plus 
saliva and serum plus pancreatic fluid* 


Amylase units per 100 ml of serum or serum mixture 
Albumin B ¥ 
Saliva added 
l- 145 63 44 57 58 
os 63 84 40 17 2180 
2.-— 104 0 26 0 45 
+ 62 24 72 48 1640 
3. — 167 160 19 0 44 
+ 112 31 25 38 660 
4. — 280 19 71 0 52 
235 2 | 86 49 690 
Pancreatic fluid 
added 
5. — 167 160 19 0 49 
+ 261 130 62 44 313 
6. — 280 19 71 0 52 
ao 237 12 | 119 49 1050 


* In each case, the values represent those of a given serum cou- 
pled with those of that same serum to which either dilute saliva 
or pancreatic fluid had been added. 


TaBLE III 
Ammonium sulfate fractionation of serum amylase 


Amylase units per 100 ml. of serum 


Whole serum | goiuble Traction | insoluble fraction | Total Recovered 
56 15 27 42 
60 11 52 63 
60 4 40 44 
87 7 49 56 
Average 66 9 42 51 
290* 15 185 200 


* Serum, 5 ml., plus 0.4 ml. of 1:100 dilution of saliva. Original 


serum amylase activity was 66. 
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DISCUSSION 


The partition or distribution of amylase in human serum as 
determined in this study is not that indicated by Baker and 
Pellegrino (4). Whereas they found amylase principally in the 
y-globulin fraction, our results indicate that the largest amount 
of amylase is associated with the albumin fraction. Our results 
then agree partially with the preliminary finding of Kunkel and 
Eberhard.! 

The relatively large amounts of amylase in both the albumin 
and y-globulin fraction indicate that two electrophoretically 
different amylases may be present in serum. It is possible, 
although unlikely, that the amylase in the fractions of human 
serum other than the albumin fraction represents only that which 
is trailing (7) on the paper. If this were so, then serum amylase 
should actually be associated electrophoretically only with the 
albumin fraction. When a dilute solution of human salivary 
amylase or pancreatic fluid is added to serum, practically all the 
added amylase, after electrophoretic separation, is found in the 
y-globulin fraction. Very little of the added amylase is found 
in the faster moving fractions. If salivary and pancreatic amyl- 
ases were the same as the principal component of serum amyl- 
ase, then a large increase in the amylase of the albumin fraction 
should have been observed. Since this was not the case, serum 
amylase or some part of it must be regarded as differing, at least 
electrophoretically, from salivary and pancreatic amylases. One 
must then conclude that at least a portion of normal serum 
amylase is formed in some site other than the salivary glands or 
the pancreas, a conclusion previously reached (1) from observa- 
tions in pancreatectomized-salivarectomized rats. 

Bernfeld et al. (8) have found that human salivary and pan- 
creatic amylases are identical by all criteria applied. 

Recent reports of Miller and Copeland (9, 10) indicated that 
a purified bovine serum trans-a-glucosylase with maltase and 
amylase activities has the same mobility as the a,-globulin frac- 
tion. This enzyme has no chloride requirement. However, 
when human serum or fractions of serum were dialyzed against 
distilled water to remove diffusible ions, at least 95 per cent of 
the amylase activity was lost. Adding back the appropriate 
amount of sodium chloride completely restores the lost activity. 
Thus, none of the amylase activity of human serum or its frac- 
tions can be attributed to trans-a-glucosylase. 

During the process of electrophoresis of normal serum it ap- 
pears that an amylase inhibitor has been removed. The obser- 
vations that whole serum can inhibit the amylase activity of a 
fraction of that serum which has been separated electrophoreti- 
cally leads almost inevitably to this conclusion. Furthermore, 
in every case, the sum of the amylase activities of the electro- 
phoretically separated fractions of normal serum was greater 
than the amylase activity of the whole serum. In sera from 
subjects with acute pancreatitis, however, the sum of the amyl- 
ase in the fractions approximately equaled the activity of the 
whole serum, and the presence of the inhibitor could not be 
demonstrated. The activity of salivary amylase, rather than 
being inhibited by serum, is actually enhanced (11) when serum- 
saliva mixtures are assayed, apparently because of the protective 
effect of the serum proteins. The inhibitor cannot be removed 
from normal serum by dialysis and so is probably a protein which 
may well be destroyed by the proteolytic enzymes released into 
the blood during pancreatitis. It may well be that the large 
increase in serum amylase activity that follows an attack of 
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acute pancreatitis is due not only to an actual increase in amy]- 
ase but also to the removal of the inhibitor. 


SUMMARY 


1. The amylase of normal human serum is associated chiefly 
with the electrophoretic albumin fraction of the serum, whereas 
added salivary and pancreatic amylases are associated chiefly 
with the y-globulin fraction. Therefore, the amylase of the 
albumin fraction must be formed in some site other than the 
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salivary glands and the pancreas. However, the pH-activity 
curves of the amylases from the albumin and y-globulin fractions 
are similar and the solubility of serum amylase in ammonium 
sulfate solution is similar to salivary amylase. 

2. An amylase inhibitor, probably a protein, is present jn 
normal human serum but not in serum from subjects with pan- 
creatitis. 

3. A micromodification of Van Loon’s amyloclastic amylase 
determination is described. 
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of Acetylcholinesterase from Electric Tissue* 
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The protein components of the acetylcholine system which is 
essential for the generation of bioelectric potentials (1) are of 
biological interest. Although the active site of acetylcholines- 
terase has been studied extensively, very little is known about 
the physical and chemical characteristics of the enzyme mole- 
cule. In order to investigate the properties of the enzyme, it was 
desirable to develop a standardized, reproducible method which 
would give higher yields than had been obtained by the purifica- 
tion procedure described by Rothenberg and Nachmansohn (2). 
Asin previous studies, the material used throughout this work has 
been the electric tissue of Electrophorus electricus introduced by 
Nachmansohn and his colleagues 20 vears ago. The esterase 
from this source has been demonstrated to have the same kinetic 
characteristics as the acetylcholinesterase of other conducting 


tissue (3). 
EXPERIMENTAL 


Methods—The enzyme activity was assayed by the colorimetric 
method described by Hestrin (4) which is based on the quantita- 
tive reaction of acetylcholine with hydroxylamine in alkaline 
solution. In addition, the preparations of the highest potencies 
were assayed by a continual automatic titration method devel- 
oped by Wilson (5). As the most potent preparations lost ac- 
tivity on dilution, the initial dilution was made in a solution of 
0.05 per cent gelatin and 0.05 N NaCl and was then diluted fur- 
ther. 

The protein concentration was determined by the Lowry et al. 
(6) modification of the Folin method. The protein N of highly 
purified preparations was determined by a micro-Kjeldahl pro- 
cedure. The value for total activity was expressed in moles of 
acetylcholine chloride cleaved per hour. The specific activity 
was defined as the mmoles of acetylcholine chloride hydrolyzed 
per mg. of protein per hour. 

Purification Procedure—Preliminary studies were made on the 
stability and solubility of an enzyme preparation that had a 
specific activity of 5. The stability of the enzyme was deter- 
mined at two ammonium sulfate concentrations, 2.e. 8.5 per cent 
and 15 per cent; at pH 2, 4, 6, 8, and 10 and at two temperatures, 
9) and 23°. At 90° almost all of the activity was destroyed 
rapidly. The activity of the enzyme kept for 2 hours at 23° as 


* This work was supported in part by the Chemical Corps Re- 
search and Development Command, Chemical Warfare Labora- 
tories, Contract No. DA-18-108-CML-5809, by the Medical Re- 
search and Development Board, Department of the Army, Office 
of the Surgeon General, Contract No. DA-49-007-MD-740, and by 
the National Science Foundation, Grant No. G-4331. 


a function of pH is shown in Fig. 1. The results of the pH-sta- 
bility study made it possible to choose suitable hydrogen ion 
concentrations for the fractionation procedures. <A careful inves- 
tigation was made of the optimal ammonium sulfate concentra- 
tions to fractionate the protein solutions at the different pH 
values. The procedures of the second and third ammonium sul- 
fate fractionations described below were based on these results. 

Preparation of Extract—The mucin (7) which interferes with 
fractionation procedures was removed as follows (2): Small 
pieces of tissue were covered with toluene and stored in the re- 
frigerator. The toluene was changed every few days for a 
period of 6 weeks. Then the toluene was decanted and the tissue 
was pressed between layers of cheesecloth to remove excess mois- 
ture. Tissue, 3 kg., was suspended in 7.5 1. of cold 5 per cent 
ammonium sulfate and ground in Waring Blendors for 4 minutes. 
The homogenized tissue was allowed to stand in the cold for 1 
hour and then was centrifuged in a refrigerated centrifuge for 15 
minutes at 3,000 X g. The supernatant fluid was decanted and 
filtered through cheesecloth. The solid material was re-extracted 
with 3 |. of cold 5 per cent ammonium sulfate and the solid resi- 
due removed by centrifugation and discarded. The specific 
activity of the combined supernatant solutions was 0.5. The 
values obtained were dependent upon the starting material. 
The range of the results can be seen in Table I. 

First Ammonium Sulfate Fractionation—The subsequent oper- 
ations were performed in the cold. While the combined super- 
natant solutions were being mixed with a magnetic stirrer, solid 
ammonium sulfate was added slowly to a concentration of 15 
per cent. The solution was distributed in three aspirator bottles 
and the precipitate formed was allowed to separate overnight. 
Because of its low density, as compared with that of the ammo- 
nium sulfate solution, the precipitate rose to the surface on 
standing. The enzyme remained in the liquid phase. The 
bottom layer was withdrawn, centrifuged at 3,000 « g and 
passed through four layers of cheesecloth. The mixture in the 
top layer was treated in a similar fashion, but if the separation 
was incomplete, the centrifugal force was increased. 

To the combined filtrates solid ammonium sulfate was added 
slowly to a concentration of 31 per cent and the mixture was 
allowed to stand overnight. The precipitate formed was col- 
lected by centrifugation for 25 minutes at 3,000 x g and further 
concentrated by centrifugation for 15 minutes at 40,000 x g. 
The precipitate was dissolved in cold distilled water and the solu- 
tion adjusted to pH 7 with 1 n NaOH. 

The total volume was made up to approximately 900 ml. and a 
clear solution was obtained by centrifugation for 10 minutes at 
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40,000 X g. The precipitate was discarded. The specific ac- 
tivity of the supernatant solution was 6. 

Second Ammonium Sulfate Fractionation—Although the pre- 
liminary studies had shown that at pH 4 and at 23° about half 
of the enzyme activity was lost, loss in enzyme activity could be 
prevented by carrying out the fractionation at 2° and with the 
use of small volumes in order to keep the enzyme solution at pH 
4 for less than half an hour. To a 100-ml. portion of the above 
solution was added a volume of 50 per cent ammonium sulfate 
solution which would raise the concentration to 7 per cent; 1 N 
H2SO, was added to adjust the pH to 4.1 (+0.1). The precipi- 
tate was removed rapidly by centrifugation at 41,000 x g and 
was discarded. The supernatant solution was adjusted to pH 
6.1 (+0.1) with 1 nN NH,OH and to a 25 per cent ammonium 
sulfate concentration by the addition of an estimated volume of 
a 50 per cent solution of the salt. The precipitate formed was 
collected after 1 hour by centrifugation at 54,000 «x g. The 
supernatant fluid was discarded and the precipitate was dissolved 
in cold water and made up to 10 ml. The specific activity was 
17. 

Third Ammonium Sulfate Fractionation—Four of the above 
fractions were combined (40 ml. volume) and an estimated vol- 
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Fig. 1. The stability of a fairly crude preparation of acetyl- 
cholinesterase in 8.5 per cent ammonium sulfate, at 23°, is shown 
as a function of pH. 
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ume of cold water was added to reduce the protein concentration 
to 1 per cent. To the solution was added a volume of a 50 per 
cent ammonium sulfate solution to raise the concentration to 14 
per cent and 0.4 n H2SO, was added to adjust the pH to 42. 
The precipitate formed was removed rapidly by centrifugation 
at 41,000 « g and was discarded. To the supernatant fluid was 
added 0.3 w NH,OH to adjust the pH to 7.9 (+0.1) and a volume 
of 50 per cent ammonium sulfate solution to raise the concentra- 
tion to 20.7 per cent. The precipitate formed was collected after 
1 hour by centrifugation at 54,000 x g. The supernatant solu- 
tion was discarded, the precipitate was dissolved in cold water, 
and the volume was brought to 5 ml. <A few drops of toluene 
were added. The specific activity was 110. 

The yields obtained are summarized in Table I. 

The enzyme solution prepared by the third fractionation re- 
tains its activity for a period of several months if the protein 
concentration is diluted to 0.3 per cent and the enzyme is kept 
in a solution of 5 per cent ammonium sulfate and 0.01 m sodium 
phosphate buffer at pH 7.0. If it was desirable to store the 
enzyme for longer periods of time it was lyophilized. To this 
end the enzyme solution from the third fractionation was mixed 
with an equal volume of 0.09 m NaCl and 0.04 m Veronal buffer 
at pH 7.4. It was then dialyzed three times against 3 1. of the 
above buffer and then three times against 3 |. of 0.06 m NaCl 
and 0.025 m Veronal buffer at pH 7.3. After lyophilization the 
powder was stored in a desiccator at 4°. To redissolve the 
powder, 200 mg. of lyophilized protein were suspended in 10 ml. 
of 0.02 m sodium phosphate buffer at pH 7.0, allowed to stand 
for one-half hour, and dialyzed twice against 3 |. of the same 
buffer. 


DISCUSSION 


As a result of these studies, a standardized procedure has been 
developed which has made possible the preparation of highly 
purified material in a good yield. The limited quantity of source 
material available makes the yield very important. The most 
highly purified preparations reported in the earlier studies (2) 
and obtained by ultracentrifugation had a specific activity of 
400. The preparations obtained by the described procedure 
have an average specific activity of 110; some preparations 
reached a value of 170. The material thus prepared is of ade- 
quate purity for many types of investigations, such as kinetic 
studies. Furthermore, the method developed has made it pos- 
sible to obtain relatively large quantities of material suitable for 
isolation and characterization of the enzyme molecule. 


TaBLeE I 
Fractionation procedure 
The values reported were obtained from a representative preparation of 3 kg. of toluene-treated eel tissue. 


Total Yields 
Fraction activity Specific activity 
recovered Activity Protein 
moles/hr. mmoles/mg./hr. % % 
a 74 0.5 (0.4-1.6)* 100 100 
First ammonium sulfate fraction............... 41 6.0 (5-8)* 55 (50-70)* 4.6 (3.6-6.5)* 
Second ammonium sulfate fraction.............. 25 17.0 (14-18)* 34 (24-40)* 1.0 (0.6-1.2)* 
Third ammonium sulfate fraction............... 15 110.0 (55-170)* 20 (10-24 )* 0.09 (0.05-0.15)* 


* Range of values obtained from a series of preparations. 
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SUMMARY sulfate fractionation at pH 4 and pH 7.9. A greater than 200- 


Acetylcholinesterase was extracted from the electric organ of 0/4 purification has been obtained with a 20 per cent yield. 


Electrophorus electricus and subjected to ammonium sulfate frac- 

tionation yielding approximately 60 per cent of the initial activity Acknowledgment—The author wishes to express her gratitude 
with a specific activity of 6.0. A second ammonium sulfate frac- | to Dr. David Nachmansohn for his excellent advice and guidance 
tionation at pH 4 and pH 6 increased the specific activity to 17. during the course of this work. The capable assistance of Mr. 
The third step increased the specific activity to 110 by ammonium Darwin Molins is also gratefully acknowledged. 
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Utilization of dipeptides of phenylalanine has been demon- 
strated in the growth of a phenylalanineless strain of Escherichia 
coli (1), in reversal of the toxicity of 6-2-thienylalanine and its 
dipeptides in the growth of microorganisms (2-4), and in the 
synthesis of an adaptive enzyme (5). Dipeptides of 8-2-thienyl- 
alanine competitively inhibited the utilization of dipeptides of 
phenylalanine (4, 5), and such inhibition studies have contrib- 
uted additional evidence to previous proposals of a special role 
of peptides in the growth of microorganisms (6, 7) and indicate 
the possibility of specific sites of utilization of dipeptides. 

Growth studies with Lactobacillus arabinosus (8) showed that 
L-leucyl-t-phenylalanylglycine was more effective than phenyl- 
alanine or the related dipeptides in reversing the toxicity of 
t-leucy]-8-2-thienyl-L-alanylglycine, and this was taken as evi- 
dence for possible utilization of tripeptides without previous 
hydrolysis to the free amino acids or the intermediate dipeptides. 
In order to pursue studies of the role of tripeptides in metabo- 
lism further we have now prepared four tripeptide analogues 
containing 8-2-thienylalanine and tested their utilization in the 
growth of E. coli strain 9723. 

Glycylglycyl-8-2-thienyl-pL-alanine, glycyl-6-2-thienyl-pL-ala- 
nylglycine, L-leucyl-6-2-thie- 
nyl-t-alanine, L-leucy]l-8-2-thie- 
nyl-t-alanylglycine, L-leucyl-t-phenylalanylglycine, and various 
intermediates leading to the peptides were prepared. The 
papain method of resolution (9-12) was found convenient for 
preparation of §-2-thienyl-L-alanine in amounts needed for the 
synthesis of peptides. Glycylglycyl-pi-phenylalanine, glycyl- 
pi-phenylalanylglycine (13) and 
(14) were prepared by standard procedures. 


EXPERIMENTAL 


Preparation of Compounds 


Table I summarizes the analytical data on the new compounds, 
which were prepared by standard procedures. The resolution of 
8-2-thienylalanine by the papain method offers the advantage of 
adaptability to large batches; the starting compound, N-acetyl- 
8-2-thieny]-p1-alanine, was conveniently prepared by basic hy- 
drolysis of diethyl 2-thenylacetamidomalonate (15). 

Coupling Procedure—The carbobenzoxy derivative of the 
amino acid or peptide was coupled with the amino acid ester in 
the presence of isobutyl chloroformate as directed by Vaughan 


* Support of this work by the Research Corporation, and by 
Research Grant No. E-1498 from the National Institute of Al- 
lergy and Infectious Diseases, United States Public Health Serv- 
ice, is gratefully acknowledged. 


and others (16, 17). The carbobenzoxy peptides were purified 
from ethyl acetate-petroleum ether. 

Saponification of Esters—The ester was stirred at room tem- 
perature with 1 equivalent of 1 m NaOH and enough acetone to 
effect solution. When saponification appeared to be complete, 
the acetone was blown off, the aqueous solution was extracted 
with ether, acidified with HCl, and the carbobenzoxy peptide 
extracted into ethyl acetate and isolated. 

Removal of Carbobenzoxry Group—A mixture of the carbobenz- 
oxy peptide in warm nitromethane was saturated with anhy- 
drous HBr (17). The resulting peptide hydrobromide was 
washed with ether, dissolved in ethanol or water, and neutralized 
with concentrated NH,OH. The peptides containing leucine 
usually precipitated more readily from water than from ethanol. 
Peptides which did not contain sulfur were obtained by hydro- 
genolysis of the carbobenzoxy derivative in the presence of 
palladium black. | 


Resolution of B-2-Thienylalanine 


1. N-acetyl-B-2-thienyl-t-alanine p-toluidide—63.9 gm. of N- 
acetyl-8-2-thienyl-pL-alanine were dissolved in 300 ml. of 1 m 
NaOH. The pH was adjusted to 4.5 with glacial acetic acid, 
and the mixture was combined at 40° with a solution of 43.2 
gm. of p-toluidine hydrochloride in 250 ml. of 1 m acetate buffer 
(pH 4.5). To this clear solution was added 150 ml. of papain 
extract,! and the volume was increased to 1500 ml. with the 
acetate buffer. After incubation at 40° for 3 days, the precipi- 
tate was filtered off and washed successively with cold water, 1 
mM NaQH, and cold water. Yield, 40 gm.; m.p., 213° after puri- 
fication from hot ethanol. 

2. B-2-Thienyl-1t-alanine—32.8 gm. of the above compound 
were refluxed for 4 hours with 6 N HCl. The acid was removed 
by repeated evaporation to dryness under reduced pressure on 
a water bath. The residue was dissolved in 100 ml. of water, 
made ammoniacal, and extracted with ether to remove the 
p-toluidine. After the solution was decolorized it was concen- 
trated to a low volume and chilled overnight. The precipitate 
of 8-2-thienyl-1-alanine was filtered off and washed with cold 
water, ethanol, and ether. Yield, 15.3 gm.; m.p., 266-67° (de- 
composition point); [a]? —31.5° (25 mg. in 2.5 ml. of water). 
Literature values for rotation are —31.4 (18) and —31.7 (19, 20). 

3. N-acetyl-B-2-thienyl-pv-alanine—The filtrate from removal 
of the N-acetyl-8-2-thienyl-1-alanine p-toluidide was allowed to 


115 gm. of papain (Wallerstein) were stirred in an ice bath with 
150 ml. of acetate buffer (pH 4.5) for 2 hours. Near the end of 
this time 7 gm. of L-cysteine hydrochloride were added. The clear 
filtrate was used. 


802 


C 

G 
Cl 
Cl 
Gl 

Cl 

Ct 
p-2 

N- 

t 

N- 

8-2 
h 
Cb; 
L-L 
Cbz 

Cb 
| 

L-L 
Cl 
Chz 
Chz 

L-I. 

mg. 

stan 

forn 

the 

amn 

stre: 

24.5 

169° 

/ 

4. 

were 

Was 
press 

and 

|| 


April 1959 F.W. Dunn 
TABLE I 
Analytical data on compounds 
Calculated Found 
Compound* Formula Yield [alt 
Cc H N Cc H N 
%o % % % % % % © 

alanine methyl ester............. CooH2;306N38 60 59.41 | 5.34 |) 9.69 | 55.40 | 5.28 | 9.86) 74 

alanine 75 54.40 | 5.05 10.02 54.20 | 5.05 10.11 157-158 

GSE EE POO ORES C,,H:;04N38 77 46.30 | 5.30 | 14.73 | 46.21 | 5.38 | 14.53 | 265-266t 

glycine ethyl eis re C.,H206.N38 72 56.36 5.63 9.39 | 56.60 5.79 9.46 98 

88 54.40 | 5.05 | 10.02 | 54.49 | 5.02 | 9.91 | 147 
Glyeyl-8-2-thienyl-pL-alanylgly- 

77 46.30 | 5.30 | 14.73 | 46.16 | 5.23 | 14.47 | 233t 
| 

glycine ethyl ester............... 80 06.36 | 5.63 | 9.39 56.42 | 5.67 | 9.20) 96 
Cbz-8-2-thienyl-pL-alanylglycy]- 

glycine. C,9H2106N35 31 54.40 | 5.05 | 10.02 54.59 | 5.19 9.82 | 142 

28 46.30 | 5.30 | 14.73 45.82 | 5.30 | 14.49 | 234t 
N-Acetyl-8-2-thienyl-L-alanine 

Ci 6H) s02N28 89 +29.7 63.55 | 6.00 | 9.27 | 63.77 | 5.98 | 9.14 213 
N-Acetyl-8-2-thienyl-p-alanine..... C,H;,0;NS 78 —43.15 | 50.69 | 5.20! 6.57 | 50.71 | 5.19 45 | 169 
8-2-Thienyl-L-alanine methyl ester 

hydrochloride.................... HCl 86 +38.1¢ | 43.34 15.46] 6.32 | 43.38 | 5.44] 6.48 | 174 

methyl Co2H 28 70 | —10.2 | 61.08 | 6.52 | 6.48 60.92 | 6.45 | 6.51 108 
Cbz-L-leucyl-8-2-thienyl-L-alanine ..| 89 +3.4 60.27 | 6.26 | 6.69 | 60.22 | 6.26 | 6.60 | 132 
53 +32.8> | 54.90 | 7.09} 9.85 | 54.73 | 7.00} 9.75 | 

glycine ethyl ester............... C23;H3306N38 75 —27.3° | 59.62 | 6.61 8.34 59.61 | 6.30! 8.21: 144 

glycine. ...... C23H 290 6N3S 95 —42.1 | 58.09 | 6.15 | 8.84 | 57.91 6.24 | 8.89 | 173 

Cbz-L-leucyl-L-phenylalanylgly- | 

Cbz-L-leucyl-L-phenylalanylgly- 

....; Ci;H2;OqN3 100 12.53 | 12.75 | 203f 


*Cbz = carbobenzoxy. 


ft Optical rotations were determined at 26°, and the solutions were 1 per cent in absolute ethanol, except as noted: *At 32°; °20 


mg. in 2 ml. of 1 per cent NaHCO; ‘at 29°; 41 per cent in water. 
t Decomposition point. 


stand for 3 days, and the small amount of precipitate which 
formed was discarded. The solution was heated to coagulate 
the enzyme, which was filtered off. The filtrate was made 
ammoniacal, extracted with ether, and concentrated under a 
stream of air to about one-half volume. Upon acidification, 
24.5 gm. of N-acetyl-8-2-thienyl-p-alanine precipitated; m.p., 
169° after purification from hot water. 

4. B-2-Thienyl-p-alanine—22 gm. of the preceding compound 
were refluxed with 250 ml. of 6 N HCl for 4 hours. The acid 
was removed by repeated evaporation to dryness under reduced 
pressure on a water bath. ‘The residue was taken up in ethanol 
and neutralized with concentrated NH,OH to pH 6.8. Yield, 


14.2 gm.; m.p., 265-266° (decomposition point); fa] +31.4° 
(25 mg. in 2.5 ml. of water). Literature values for rotation are 
+31.4 (18) and +31.6 (20). 


E. coli Studies 


The medium and procedure were identical with those employed 
previously in growth studies with EF. coli strain 9723 (4). The 
test compounds were checked for homogeneity by paper chro- 
matography and no contaminating amino acids or peptides were 
detected. All test compounds were added aseptically to pre- 
viously sterilized salts-glucose medium, and the inoculated tubes 
were incubated at 37°. At the end of the growth period (16 


— 


Compounds ‘added to cell suspension 
S| LTAG | GoTA | GTAG | TAGG | TAG | GTA | TA 
Ry 42 R¢ 06 Rg O7 R¢ 16 R¢ Jt 29 


Fic. 1. Drawing of typical chromatograms showing the hy- 
drolysis of peptides of 8-2-thienylalanine in the presence of 
resting cells of Escherichia coli strain 9723. LTAG, t-leucyl-8-2- 
thienyl-L-alanylglycine; GGTA, 
nine; GTAG, TAGG, 
TAG, §-2-thienyl-pt- 
alanylglycine; GTA, and TA, 
2-thienyl-pL-alanine. 


hours unless otherwise noted) the turbidity was determined with 
an instrument (21) in which distilled water reads 0 and an opaque 
object reads 100. The peptides were added in an amount so 
that 1 unit contained the equivalent of 1 ug. of B-2-thienyl-p1L- 
alanine or pL-phenylalanine. 

The procedure followed to determine the ability of EF. coli 
strain 9723 to hydrolyze tripeptides of 8-2-thienylalanine was 
similar to that reported for other peptides (22). A 24-hour 
culture of cells was washed with 0.9 per cent saline solution 
followed by phosphate buffer (pH 7) and then suspended in the 
buffer to give a cell concentration of 4.5 mg. per ml. 1 ml. of 
cell suspension was added to 1 ml. of peptide (1 mg. per ml.) 
and incubated at 37°. At intervals of 0, 60, 120, and 240 min- 
utes 30-ul. samples of the incubating preparation were with- 
drawn and placed on Whatman filter paper for preparation of 
the chromatograms. n-Butanol saturated with water was used 
for the solvent, and the papers were developed with ninhydrin. 
The results are illustrated in Fig. 1. The Rp values were 0.04 
for glycine and 0.59 for t-leucyl-G-2-thieny]l-L-alanine; other Rp 
values are indicated in the figure. Tests with the dipeptides 
glycyl-8-2-thienyl-pL-alanine and -2-thienyl-pL-alanylglycine 
were included for reference. After 1 hour, a faint but distinct 
spot of 8-2-thienylalanine appeared from each of the peptides 
and became more pronounced with the 2- and 4-hour chromato- 
grams. The only dipeptide detected as an intermediate in the 
hydrolysis of the tripeptides was t-leucyl-8-2-thienyl-L-alanine. 
The other dipeptides which were possible intermediates, glycyl- 
6-2-thienylalanine and $-2-thienylalanylglycine, did not appear 
on any of the tripeptide chromatograms. Free 8-2-thienylala- 
nine and glycine were readily formed under these conditions 


Tripeptides of B-2-Thienylalanine 


from each of the tripeptides and dipeptides added to the resting 
cells. At the end of 4 hours, distinct spots were still evident 
for each of the starting peptides, showing that complete hydroly- 
sis had not occurred. 


RESULTS AND DISCUSSION 


The tripeptides of phenylalanine were more effective than free 
phenylalanine in reversing the toxicity of @-2-thienylalanine for 
E. coli (Fig. 2) and in this way resembled the behavior of dipep- 
tides (3, 4). Whereas 30 ug. of pi-phenylalanine caused no 
reversal of the toxicity of 8-2-thienyl-p1i-alanine (1000 ug. per 
5 ml.), an equivalent amount of each phenylalanine tripeptide 
produced 50 per cent growth or better. 

The growth-stimulating effect of tripeptides does not neces- 
sarily result from previous conversion to the corresponding 
dipeptide or free amino acids, as is shown in Fig. 3. In this test 
the salts-glucose medium was supplemented with 3000 ug. of 
6-2-thienyl-pL-alanine and 3000 units of glycyl-@-2-thienyl- 
pi-alanine per 5 ml. Under these conditions, glycylglycyl-pL- 
phenylalanine was more effective than pi-phenylalanine, glycyl- 
pL-phenylalanine, or an equimolar mixture of pL-phenylalanine 
and glycyl-pt-phenylalanine in stimulating growth of F. colt. 

When tested in the salts-glucose medium with no other sup- 
plements, and glycyl-6-2- 
thienyl-pt-alanylglycine produced inhibition curves identical 
with that of B-2-thienyl-pL-alanine (Fig. 4); under these condi- 
tions all three compounds produced complete inhibition at a 
concentration of 3 units per 5 ml. 8-2-Thienyl-p.-alanylglycyl- 
glycine and L-leucyl-G-2-thienyl-L-alanylglycine inhibited growth 
when added at 10 and 20 units per 5 ml., respectively. Although 
none of the tripeptides was more toxic than the parent amino 
acid when tested in the basal medium, all were much more toxic 
than free B-2-thienyl-pt-alanine or the corresponding dipeptides 
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Fig. 2. Reversal of growth inhibition of 8-2-thienyl-pL-alanine 
(1000 ug. per 5 ml.) in Escherichia coli strain 9723 with pi-phenyl- 
alanine (X), glycylglycyl-pL-phenylalanine (QO), p1.-phenyl- 
alanylglycylglycine (@), glycyl-pu-phenylalanylglycine (A), 
and (A). 
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when tested in the presence of analogous tripeptides of phenyl- 
alanine. 

Fig. 5 shows the toxicity of some of the tripeptides and related 
dipeptides of 8-2-thienyl-pL-alanine when tested in the presence 
of glycylglycyl-pt-phenylalanine (30 units per 5 ml.). Under 
these conditions, glycylglycyl-8-2-thienyl-pL-alanine and glycyl- 
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Fic. 3. Comparative growth-stimulating effect of glycylglycyl- 
pL-phenylalanine (@), glycyl-pL-phenylalanine (O), pL-phenyl- 
alanine (X), and an equimolar mixture of glycyl-pL-phenylalanine 
and pi-phenylalanine (A). The medium contained 3000 yg. of 
8-2-thienyl-pL-alanine and 3000 units of glycyl-8-2-thienyl-pL- 
alanine per 5 ml. 
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Fic. 4. Inhibition of growth of Escherichia coli with £,2- 
thienyl-pL-alanine (X), glycyl-8-2-thienyl-pL-alanylglycine (X)- 
(X), 8-2-thienyl - pL-alanyl- 
glyeviglycine (O), and L-leucyl-8-2-thienyl-L-alanylglycine (A). 
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Fic. 5. Relative toxicity of 


(X), 
glveyl-8-2-thienyl-pL- 
alanine (A), glycyl-8-2-thienyl-pL-alanylglycine (VY), and gly- 
evi glycyl-8-2-thienyl-pL-alanine (@) for Escherichia coli in the 
presence of glycylglycvl-pL-phenylalanine (30 units per 5 ml.). 


8-2-thienyl-pL-alanine 
(O), 


8-2-thienyl-pL-alanylglycine were more toxic at a concentration 
of 300 units per 5 ml. than the other compounds were at 10,000 
units per 5 ml. The results indicate that glycylglycyl-£ -2- 
thienyl-pL-alanine and glycyl-8-2-thienyl-pL-alanylglycine pre- 
vent the utilization of glycylglycyl-pt-phenylalanine in a way 
that cannot be attributed to any of the possible hydrolytic prod- 
ucts such as glycyl-8-2-thienylalanine or 8-2-thienylalanine. It 
also is evident that the order of attachment of the amino acids 
in the tripeptide affected utilization since 8-2-thienyl-pL-alanyl- 
glycylglycine was much less toxic than the other two isomeric 
tripeptides. 

The greater toxicity manifested by glycylglycyl-@-2-thienyl- 
pL-alanine in the presence of glycylglycyl-pt-phenylalanine does 
not appear to be a synergistic effect of the possible hydrolytic 
products, 8-2-thienylalanine and glycyl-G-2-thienylalanine. In 
another test, not shown in Fig. 5, in which 300 units of glycyl- 
glycyl-3-2-thienyl-pL-alanine produced complete inhibition of 
growth in the presence of 30 units of glycylglycyl-p1-phenyl- 
alanine, a mixture of 3000 ug. of B-2-thienyl-pL-alanine and 3000 
units of glycyl-8-2-thienyl-pL-alanine (equivalent to 6000 ug. of 
6-2-thienyl-p1-alanine) was required for the same inhibition. 

In the presence of pi-phenylalanylglycylglycine (30 units per 
5 ml.), the analogous tripeptide $-2-thienyl-pL-alanylglycyl- 
glycine produced complete growth inhibition at a concentration 
of 500 units per 5 ml.; however, free 8-2-thienyl-p1-alanine, 
glycyl-8-2-thienyl-pL-alanine, and 
failed to inhibit growth completely even at much higher con- 
centrations (Fig. 6). 8-2-Thienyl-pL-alanylglycylglycine was 
more toxic in the presence of pt-phenylalanylglyeviglycine than 
in the presence of glycylglycyl-pt-phenylalanine or glycyl-pL- 
phenylalanylglycine (cf. Figs. 5, 6, and 7). Glycylglyeyl-8-2- 
thienyl-pt-alanine and glycyl-8-2-thienyl-pL-alanylglycine were 
more toxic than 6-2-thienyl-pL-alanylglycylglycine under all of 
the conditions employed. 

A striking example of peptide utilization was found in a com- 
parison of the toxicity of glycylglycyl-G-2-thienyl-pL-alanine and 
with that of 8-2-thienyl-pL- 
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Fic. 6. Relative toxicity of glycylglycyl-8-2-thienyl-pL-alanine (X), glycyl-8-2-thienyl-pL-alanylglycine (X), 8-2-thienyl-pL- 
alanylglycylglycine (O), glycyl-8-2-thienyl-pL-alanine (A), 8-2-thienyl-pL-alanylglycine (@), and 8-2-thienyl-pL-alanine (A) for 
Escherichia coli in the presence of pit-phenylalanylglycylglycine (30 units per 5 ml.). 
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Fic. 7. Relative toxicity of glycylglycyl-8-2-thienyl-pL-alanine 
(O), (A), 8-2-thienyl-pL- 
alanylglycylglycine (A), 8-2-thienyl-pL-alanine (xX), glycyl- 
8-2-thienyl-pL-alanine (@), and 8-2-thienyl-pL-alanylglycine 
(Y) for Escherichia coli in the presence of glycyl-pL-phenylalanyl- 
glycine (30 units per 5 ml.). 


alanine in the presence of pi-phenylalanylglycylglycine (30 units 
per 5 ml.). Whereas growth was completely prevented by 10 
units of glycylglycyl-8-2-thienyl-pL-alanine or glycyl-8-2-thienyl- 
pLt-alanylglycine (Fig. 6), 10,000 wg. of 
were required to prevent growth. 


Further evidence of competition between tripeptides of similar 
structure is seen in Fig. 7 where the toxicity of 8-2-thienyl-pL- 
alanine and its peptides is compared in the presence of glycyl- 
pi-phenylalanylglycine. Here again glycyl-6-2-thienyl-pL-ala- 
nylglycine and glycylglycyl-8-2-thienyl-p1-alanine were much 
more toxic than free B-2-thienyl-pL-alanine, 6-2-thienyl-pL- 
alanylglycine, or §-2-thienyl-p1- 
alanylglycylglycine. 

When tested in the presence of L-leucyl-t-phenylalanylglycine, 
the analogous tL-leucyl-8-2-thienyl-1-alanylglycine was more 
toxic than 8-2-thienyl-pL-alanyl- 
glycine, or 6-2-thienyl-pL-alanine (Fig. 8). Glycylglycyl-6-2- 
thienyl-pL-alanine and were 
slightly more toxic than L-leucyl-@-2-thieny]-.L-alanylglycine 
under these conditions. 

The toxicity of the tripeptides of 6-2-thienylalanine was re- 
versed noncompetitively by phenylalanine and its dipeptides. 
Addition of 30 ug. of pi-phenylalanine per 5 ml., or the equiva- 
lent concentration of glycyl-pt-phenylalanine or pi-phenylala- 
nylglycine, stimulated growth of F. coli in the presence of 10,000 
units of or glycyl-8-2-thienyl- 
pi-alanylglycine. 

Previous work has demonstrated inhibition of separate sites 
of utilization of phenylalanine, phenylpyruvic acid, and glycyl- 
phenylalanine by the analogous thiophene derivatives (23). 
The present work indicates that utilization of a tripeptide by E. 
coli may occur without previous hydrolysis and that the site of 
utilization can be blocked in a specific way by a tripeptide ana- 
logue. The data in Table II support this conclusion. When the 
medium was supplemented with a mixture of comparatively 
high levels of glycylglycyl-pt-phenylalanine, glycyl-p1-phenyl- 
alanine, glycylglycyl-@-2-thienyl-p1-alanine, and glycyl-8-2- 
thienyl-p1-alanine, resulting in growth inhibition, addition of as 
little as 10 wg. of pi-phenylalanine stimulated growth. The 
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effect of pi-phenylalanine was nullified by 500 ug. of B-2-thienyl- 
pL-alanine. When growth was inhibited in a medium contain- 
ing pL-phenylalanine, glycylglycyl-pt-phenylalanine, 8-2-thienyl- 
pit-alanine, and glycylglycyl-8-2-thienyl-pL-alanine, the growth 
stimulating effect of a low level of glycyl-p1-phenylalanine was 
blocked by a relatively low level of glycyl-8-2-thienyl-pL-alanine. 
When the medium was supplemented with p1-phenylalanine, 
glycyl-pL-phenylalanine, 8-2-thienyl-pL-alanine, and glycyl-6-2- 
thienyl-pL-alanine at levels which prevented growth of E. coli, 
addition of 3 units of glycylglycyl-pL-phenylalanine stimulated 
growth, and the effect of glycylglycyl-pL-phenylalanine was 
almost completely nullified by 30 units of glycylglycyl-@-2- 
thienyl-pL-alanine. Thus, 3 units of the tripeptide of phenyl- 
alanine (glycylglycyl-pt-phenylalanine) stimulated growth in 
the presence of 100 units of its possible hydrolytic products (50 
pg. of pLt-phenylalanine and 50 units of glycyl-pL-phenylalanine), 
and 30 units of the tripeptide of 6-2-thienylalanine (glycylglyc: |- 
§-2-thienyl-pL-alanine) inhibited growth in the presence of 6000 
units of its possible hydrolytic products (3000 ug. of B-2-thieny]- 
pt-alanine and 3000 units of glycyl-8-2-thienyl-pL-alanine). It 
appears reasonable to conclude that phenylalanine and its ana- 
logue compete at one site, the dipeptide and its analogue at 
another site, whereas the tripeptide of phenylalanine and its 
analogue compete at a third site. 

Since the isomeric tripeptides of 8-2-thienylalanine did not 
behave in the same manner under all conditions, the order of 
attachment of the amino acids in a tripeptide appears to in- 
fluence the mode of utilization. The tripeptide in which -2- 
thienylalanine was the first moiety (8-2-thienyl-p1-alanylglycyl- 
glycine) was less toxic than the tripeptide in which it was the 
second moiety (glycyl-G-2-thienyl-p1t-alanylglycine) or the third 
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Fic. 8. Relative toxicity of 
glycine (X), L-leucyl-8-2-thienyl-L-alanine (@), 6-2-thienyl - DL- 
alanylglycine (A), glycylglycyl-8-2-thienyl-pL-alanine 
glycyl -8-2-thienyl-pL-alanylglycine and 8-2-thieny] - pL- 
alanine (VY) for Escherichia coli in the presence of L-leucyl-.- 
phenylalanylglycine (30 units per 5 ml.). 
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TaBLeE II 
Inhibition of separate sites of utilization of phenylalanine, 
glycylphenylalanine and glycylglycylphenylalanine 
Test organism, £. coli strain 9723; incubated for 18 hours at 37°. 


GGPA* 30; GPA, 30; PA, 30; GGPA 30; PA, 50; GPA, 50; 
GGTA, 2000; GTA, 3000 TA, 3000; GGTA, 2000 TA, 3000; GTA, 3000 
Galvano- Galvano- Galvano- 
PAt TAt meter GPAt GTAt | meter GGPAt GGTAt)| meter 
readings} 'readings} readings{ 
3 “0; @B 1 0 19 1 0 36 
# 3 oi Mis 44 
10 | 300 | 12 10 100 44 3 30 6 
10 | 500 2 10 300 5 3 100 3 


* The abbreviations are as follows: GGPA, glycylglycyl-pL- 
phenylalanine; GPA, glycyl-pL-phenylalanine; PA, pi-phenyl- 
alanine; GGTA, glycylglycyl-8-2-thienyl-pL-alanine; GTA, gly- 
cyl-8-2-thienyl-pL-alanine; TA, 8-2-thienyl-pL-alanine. 

{1 Units per 5 ml.; 1 unit is equivalent to 1 ug. of pt-phenylala- 
nine or 1 wg. of B-2-thienyl-pL-alanine. 

t A measure of culture turbidity; distilled water reads 0 and 
an opaque object reads 100. 


moiety (glycylglycyl-8-2-thienyl-pL-alanine) under a variety of 
testing conditions. 

The point at which competition between analogous peptides 
occurs is not shown by the present study, but the data indicate 
that tripeptides can function in the growth of EF. coli in a manner 
that is independent of conversion to the corresponding dipeptides 
or free amino acids. If permeability of the cell wall is an im- 
portant factor, as some studies indicate (24, 25), and the tripep- 
tides are competing for entrance into the cell or some compart- 
ment of the cell, one must conclude that permeation is a very 
specific process, with separate points of entrance for amino acids, 
keto acids, dipeptides, and tripeptides. 

Although a high concentration of resting cells of F. coli caused 
hydrolysis of tripeptides of 8-2-thienylalanine, this process does 
not account for the effects of these tripeptides upon the growth 
of FE. coli in the presence of various phenylalanine peptides. Any 
effect of hydrolytic products was “diluted out” when the tri- 
peptides were tested in the presence of high levels of hydrolytic 
products, as reported in Table II. If hydrolysis of the peptides 
to form 8-2-thienylalanine were an essential preliminary step in 
the utilization of the tripeptides, one might expect glycyl-f- 
2-thienyl-pt-alanylglycine (in which is 
“covered” by two peptide bonds) to be less active than either 
glycylglycyl-8-2-thienyl-pL-alanine or §-2-thienyl-pL-alanylgly- 
cylglycine. Since was as 
active as glycylglycyl-8-2-thienyl-p1-alanine in various tests, one 
might reasonably assume that the peptide is functioning as a 
unit or that the 8-2-thienylalanine within the peptides is readily 
converted directly into an active form. 


SUMMARY 


Preparations are reported for glycylglycyl-8-2-thienyl-p1-ala- 
nine, glycyl-8-2-thienyl-pL-alanylglycine, 6-2-thienyl-pL-alanyl- 
glycylglycine, 
L-alanylglycine, t-leucyl-Lt-phenylalanylglycine, and various inter- 
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mediates leading to these peptides. Resolution of 8-2-thienyl- 
pL-alanine by the papain method is described. 

Tripeptides of phenylalanine were more active than phenyl- 
alanine in reversing the toxicity of 8-2-thienylalanine in Escher- 
tchia coli strain 9723. Tripeptides of §-2-thienylalanine were 
comparable with free 8-2-thienylalanine as growth inhibitors for 
E. coli when tested in the salts-glucose medium, and when tested 
in the presence of analogous tripeptides of phenylalanine they 
were many times as toxic as free 8-2-thienylalanine. The tox- 
icity of the tripeptides of 8-2-thienylalanine was reversed non- 
competitively by phenylalanine and its dipeptides. The results 
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are interpreted as indicating that tripeptides of §-2-thienyl- 
alanine compete with tripeptides of phenylalanine in a specific 
way and that their route of utilization is independent of the route 
followed by the possible hydrolytic products. 
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Glutamic Dehydrogenase 


I. THE EFFECT OF COENZYME ON THE SEDIMENTATION VELOCITY AND KINETIC BEHAVIOR* 
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It has been reported that high concentrations of reduced 
diphosphopyridine nucleotide as well as 1,10(ortho)-phenan- 
throline will cause dissociation of crystalline beef liver glutamic 
dehydrogenase as observed by the sedimentation behavior of 
the enzyme in the ultracentrifuge (1). Although this enzyme 
undergoes dissociation upon dilution (2), the effect of DPNH 
or 1,10-phenanthroline may be obtained at enzyme concentra- 
tions at which there should be essentially no dissociation at all. 
This result suggested that the extent of association or dissocia- 
tion of the enzyme might play a role in the catalytic function of 
the enzyme. The purpose of the present investigation, then, 
was to study the effects of the different coenzymes for the reac- 
tion on the sedimentation and kinetic behavior and to determine 
the relationship between initial velocities of the enzymatic 
reaction obtained kinetically and the sedimentation behavior 
as observed in the ultracentrifuge. It will be shown in this 
paper that the coenzymes DPN, DPNH, TPN and TPNH, 
all of which are active with glutamic dehydrogenase, influence 
the sedimentation behavior of the enzyme at levels which are 
identical with the coenzyme concentrations used in the deter- 
mination of the kinetic constants. Consequently, the rates of 
the enzymatic reaction are determined by the degree of associa- 
tion or dissociation of the enzyme. The data presented in this 
paper show that the enzyme, when dissociated, is inactive. 
The kinetic and sedimentation data also show that the active 
site for all the coenzymes is the same, but that in addition, DPN 
and DPNH are bound to a second, noncatalytically active, site. 


EXPERIMENTAL 


The experiments to be described in this paper were carried out 
in Tris!-acetate buffer at pH 7.9 to 8.0 (measured at 25°). 

Sedimentation Measurements—Sedimentation experiments were 
conducted with the Spinco model E analytical ultracentrifuge? 
with the use of two double sector cells at a speed of 42,040 
rp.m. The temperature of the rotor in most cases was con- 
sidered to be the average of the temperature readings directly 
before and after the sedimentation experiment. In some later 
sedimentation experiments the temperature of the rotor was 
accurately determined with an RTIC unit manufactured by 
Spinco. All the sedimentation experiments were made in Tris- 


* This investigation was supported in part by a research grant 
(No. RG-5704) from the National Institutes of Health, United 
States Public Health Service. 

‘The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 

* The author would like to thank Miss Carmelita Lowry for per- 
forming the sedimentation velocity experiments. 


acetate buffer which was 0.08 m with respect to acetate and 5 x 
10-* m with respect to Versene (ethylenediaminetetraacetate). 
Versene was used in order to chelate contaminating heavy metals 
which inhibit the enzymatic reaction. The amount of Versene 
used did not influence the extent of dissociation of enzyme. The 
sedimentation coefficients were corrected to 20° for standardiza- 
tion, but corrections for viscosity changes due to the addition of 
coenzyme or other compounds were not made, since the concen- 
trations of these compounds were relatively small compared to 
the concentration of buffer. The results in this paper are pre- 
sented as 8 values, not corrected to water. 

Kinetic Measurements—Kinetic experiments were performed 
with a Beckman DU spectrophotometer coupled to a Brown 
recorder with which 80 to 100 per cent transmission could be 
expanded to full scale (11 inches). The recorder has a pen speed 
of 1 second per full scale deflection and the paper moved at the 
rate of 4 inches per minute. Measurements were usually made 
within the first few per cent of the reaction. For experiments 
involving low concentrations of DPN as coenzyme, cuvettes 
of 10-cm. optical path, holding a total volume of 25 ml. were used 
to increase sensitivity. With DPNH as coenzyme, cuvettes 
of only 1-cm. optical path were used and the slit width was nor- 
mally held at less than 0.30 mm. It was sometimes necessary 
to use wave lengths higher that 340 my to accomplish this. 

For DPN as substrate, all experiments were carried out in 0.01 
M Tris-acetate, pH 8, at a glutamate concentration of 0.05 M. 
For DPNH as substrate all experiments were carried out in the 
same buffer, at an a-ketoglutarate concentration of 0.05 m and 
an NH,ClI concentration of 0.1 Mm. The standard assay solution 
used was 1 X 107‘ m with respect to DPNH. 

In all kinetic experiments, some Versene was added either to 
the cuvette or to the stock enzyme solution. The final concen- 
tration of Versene in the reaction mixture was | x 10-4 mM or 
less. The presence of these low concentrations of Versene in- 
creased the initial velocity, presumably as a result of the removal 
of heavy metal impurities in the enzyme preparation. How- 
ever, the concentrations of Versene used were considerably 
lower than those observed to affect the kinetic parameters of 
the enzymatic reaction. 

Enzyme—Crystalline glutamic dehydrogenase from beef liver 
was obtained as a suspension of erystals in (NH4)S0O, from C. F. 
Boehringer, Germany. The enzyme is identical in every way 
with enzyme prepared by the method of Strecker (3) and re- 
crystallized with NasSO, (2), except that the ratio of optical 
density at 280 my to 260 my was about 1.8. Under assay condi- 
tions, the turnover number of the enzyme was 40,000 min.-! 
based on the molecular weight of 1 « 10° When the initial 
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velocity under normal assay conditions is extrapolated to in- 
finite DPNH concentration in the presence of ADP (to prevent 
inhibition), the turnover number is calculated to be as high as 
170,000 min.-?. Enzyme used for kinetic experiments was kept 
at 0° in 0.1 m Tris-acetate, pH 8.0, in the presence of a small 
amount of Versene. Normally, this enzyme underwent very lit- 
tle denaturation for periods up to about 2 hours. When the en- 
zyme was to be used for sedimentation experiments, the crystals 
were centrifuged at high speed, the supernatant fluid poured off, 
and the packed crystals washed several times with cold buffer. 
The crystals were then dissolved in the buffer to be used in the 
sedimentation experiment. 

Reagents—-DPN, DPNH, TPN, and TPNH were obtained 
either from the Sigma Chemical Company or Pabst Laboratories. 
These compounds were about 90 to 95 per cent pure. a-Keto- 
glutarate was obtained from Nutritional Biochemicals Corpora- 
tion and was recrystallized from acetone-benzene mixtures be- 
fore use. The sodium-1-glutamate used was over 99 per cent 
pure. 


RESULTS 


Kinetic Behavior of Enzyme at Constant pH—Initial velocities 
as a function of coenzyme concentration have been obtained at 
pH 8.0 in 0.01 m Tris-acetate buffer. In all cases, the concentra- 
tion of a-ketoglutarate, NH,*, or glutamate was held at constant 
and noninhibitory levels. 

Initial velocity experiments with DPN used as coenzyme show 
that high concentrations of DPN yield velocities greater than 
would be expected by extrapolation from velocities at low DPN 
concentration. Such results with DPN have been observed 
previously (4). Fig. 1 shows the variation of reciprocal initial 
velocity as a function of reciprocal DPN concentration at 10.5° 
in 0.01 m Tris-acetate, pH 8.0, at a glutamate concentration of 
0.05 m. These data may be represented by the equation 


VADPN) (DPN) | 
= 1 1 + 
al |/ | + a) 


where V,; and V2 are the maximal velocities in the absence and 
presence of excess DPN at a particular glutamate concentration. 
The solid line drawn in Fig. 1 was constructed on the assumption 
that K, = 1.4 x 10-5 M, K, = 2.5 10-4 mM and V2/V; = 3.0. 
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Fig. 1. Plot of reciprocal initial velocity against reciprocal 
DPN concentration at pH 8.0 in 0.01 m Tris-acetate buffer and 
10.5°. Solid line is drawn from Equation 1 and values given in 
the text. 
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Fic. 2. Plot of the initial velocity for DPNH oxidation as 4 
function of log of the DPNH concentration, at pH 8.0, in 0.01 x 
Tris-acetate buffer and 25°. a-Ketoglutarate and NH,Cl concen. 
trations are 0.05 m and 0.1 M, respectively. Solid line is drawn 
from Equation 2 and values given in text. 


At lower DPN concentrations, the plot is linear with the points 
falling on the line drawn. These lower concentrations have 
been omitted in Fig. 1 in order to show clearly the substrate 
activation. 

At 25° the data for the reduction of DPN also obey Equation 
1. Under these conditions, K, = 7 X 10-5m, Ke = 2 X 107m 
and V2/V;, is about 4. Thus, there is a 5-fold increase in K,, 
and an 8-fold increase in K, for an increase in temperature oj 
only 15°. Relations of the type represented by Equation 1 may 
be derived by the usual steady state methods for two different 
mechanisms. (a) The first assumes that the binding of a 2nd 
molecule of DPN increases the rate of reduction of the Ist mole- 
cule of DPN, 1.e. that there is both an active and an activating 
site for DPN. (6) The second assumes that there are two active 
sites for DPN which are either different and independent or 
identical but interact in pairs (see, for example, (5 and 6)). 
Thus, K, in Equation 1 is the Michaelis constant for DPN, 
but Kz may be either a Michaelis constant or a dissociation con- 
stant. From results which are to be presented in the following 
paper (7), the one of these two mechanisms which assumes both 
an active and activating site for DPN appears to be correct. 

Initial velocity measurements have been made with the use of 
DPNH at 25°, pH 8.0, an 0.01 m Tris-acetate buffer. It has been 
found that DPNH is a strong inhibitor of the enzymatic reac- 
tion at concentrations above 1 K 10-4m. The results are plotted 
in Fig. 2 as initial velocity as a function of log DPNH concentra- 
tion. The data are found to fit the equation 


(DPNH DPN 
Kppxu 


(DPNH) 
which is derived for a mechanism that provides that the addition 
of a 2nd molecule of DPNH at or near the active site for DPNH 
will prevent the enzymatic reaction from proceeding. In 
Equation 2, K ppnu and K’ ppwu are the Michaelis and inhibition 
constants for DPNH, respectively, and V’ is a constant related 
to the velocity under the conditions of constant a-ketoglutarate 
and NH,* concentration. The solid line in Fig. 2 has been 
drawn with the use of Equation 2 with Kppnny = 1.15 x 107° 
Mand K’ppna = 1.25 X 104M. The calculation of these con- 
stants was made in a manner identical to the calculation of 
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jonization constants from a symmetrical, bell-shaped plot of 
maximal velocity against pH (8). The fact that the Michaelis 
and inhibition constants are nearly the same, however, leads to a 
fairly large possible error in an accurate determination of these 
constants. The interpretation of two binding sites for DPNH, 
only one of which is active, is entirely consistent with the results 
for DPN reduction, provided that the results for DPN may be 
explained by a mechanism which assumes both an active and an 
activating site. The affinity of the enzyme for the 2nd molecule 
of DPNH, however, appears to be considerably higher than for 
the activating molecule of DPN. As opposed to the results for 
DPN, experiments at 14° yield Michaelis and inhibition constants 
for DPNH almost identical to those at 25°. 

The Michaelis constants for TPN and TPNH have been deter- 
mined at 25° under the same conditions used for DPN and 
DPNH. Fig. 3 shows a reciprocal plot of the data for TPN. 
This plot shows no deviation from linearity and thus no indica- 
tion of substrate activation or inhibition. Similar results are 
obtained with TPNH. The Michaelis constants for TPN and 
TPNH are 0.95 < 10-4 m and 0.35 X 10-‘M, respectively. The 
data indicate that in contrast to DPN or DPNH, a 2nd molecule 
of the triphosphopyridine nucleotide is not bound to a site which 
is near the active site for these coenzymes, indicative of a certain 
specificity for the adenosine 5’-phosphate and not for the adeno- 
sine 2’-phosphate. 

Specificity of Active Site for Coenzyme—lIn order to be able to 
correlate results obtained with the di- and triphosphopyridine 
nucleotides, it is necessary to determine the specificity of the 
active site. To do this, both DPN and TPN have been used to 
inhibit the oxidation of DPNH and the oxidation of TPNH. 
Fig. 4 shows results obtained with TPNH as substrate and either 
DPN or TPN as inhibitor. The data are plotted as reciprocal 
velocity against reciprocal TPNH concentration. A _ similar 
procedure has been used by Hayes and Velick to show that DPN 
and DPNH are bound to the same site of yeast alcohol dehydro- 
genase (9), but in addition, Alberty has shown that for most 
two-substrate enzyme mechanisms, inhibition constants cal- 
culated with use of product coenzyme as inhibitor are true dis- 
sociation constants provided that the product coenzyme binds 
the free enzyme (10). The inhibition constant for TPN cal- 
culated from Fig. 4 is 1.2 * 10-4. The difference between 
the Michaelis and inhibition constants is most probably due to 
the fact that the inhibition constant is determined at considerably 
higher salt concentration (0.1 m NH,Cl) which tends to increase 
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_ Fic. 3. Reciprocal plot for the reduction of TPN, at pH 8.0, 
in 0.01 Mm Tris-acetate at 25°. Glutamate concentration was 0.05 M. 
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Fic. 4. The inhibitory effects of TPN (@——@) and DPN 
(A——A) on the enzymatic oxidation of TPNH. TPN concen- 


tration, 3.5 X 10-4m; DPN concentration, 4 X 10-*m; O O is 
for TPNH alone at a concentration of a-ketoglutarate and NH,Cl 
of 0.05 m and 0.1 M, respectively. Results obtained at 25°, pH 
8.0, in 0.01 m Tris-acetate. 


TABLE I 
Inhibition constants of DPN and TPN 
Coenzyme Inhibitor Inhibition constant | Michaelis constant of 
DPNH TPN 1.0 X 0.95 X 
DPNH....... DPN 1.3 X 0.7 X 
TPNH....... DPN 1.3 10-4 0.7 X 


the Michaelis constant. The inhibition by DPN as shown in 
Fig. 4 is not quite competitive. The concentration of DPN 
used was 4 X 10-4 m, and there appears to be activation as a 
result of DPN-binding to an activating site. At lower concen- 
trations, the inhibition by DPN is strictly competitive. Re- 
sults from experiments conducted at constant TPNH concentra- 
tion and varying DPN concentration are consistent with a 
mechanism which assumes that the binding of DPN to the TPNH 
site will give competitive inhibition, but that the binding of DPN 
to the second site will cause activation. 

Similar experiments have been carried out with DPN and TPN 
used as inhibitors for the oxidation of DPNH with similar re- 
sults. The competitive inhibition constants for DPN and TPN 
in the oxidation of DPNH or TPNH as compared to their 
Michaelis constants are listed in Table I. These results elimi- 
nate the possibility that the active sites for DPNH and TPNH 
are independent of each other. The fact that the inhibition 
constants for DPN or TPN, are essentially the same regardless 
of whether DPNH or TPNH is used as coenzyme shows that 
the active site for DPNH is indeed the active site for TPNH 
also. Further interpretation of the data is made on this basis. 

Effect of Coenzyme on Sedimentation Velocity Behavior—Since 
the enzyme undergoes reversible dissociation, the sedimentation 
coefficient will be dependent on the enzyme concentration (2). 
However, at constant enzyme concentration, it is found that the 
coenzymes of the enzymatic reaction all have some effect on the 
sedimentation velocity behavior and therefore on the extent 
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of dissociation of the enzyme. With increasing DPN, TPN, 
or TPNH concentrations, at constant enzyme concentrations, 
there is an increase in the sedimentation coefficient. In addition 
to increasing the sedimentation coefficient at low concentrations, 
DPNH at higher concentrations causes dissociation of the en- 
zyme. 

As a result of the reversible dissociation of the enzyme, the 
sedimentation coefficient in the absence of coenzyme and the 
change in the sedimentation coefficient in the presence of co- 
enzyme will, of course, depend on the enzyme concentration. 
Fig. 5 shows the dependence of the sedimentation coefficient on 
DPN concentration (dark circles) at an average rotor tempera- 
ture of 9° and constant enzyme concentration of 1.0 mg. per ml. 
The open circles and triangles of this graph represent initial 
velocities determined at approximately the same DPN concen- 
trations as the sedimentation experiments and will be discussed 
below. In the absence of coenzyme, so is 14.6 8S. On the 
assumption that the molecular weight of undissociated enzyme 
is 1 X 10° (2) and of dissociated enzyme, 2.5 X 10° (1), then at 
the concentration of enzyme used in the experiment shown in 
Fig. 5, the enzyme is over 85 per cent dissociated. 

Increasing concentrations of both TPN and TPNH also in- 
crease the sedimentation coefficient of the enzyme. However, 
the extent of increase in the sedimentation coefficient does not 
appear to be quite as great as with DPN. Experiments with 
TPN or TPNH concentrations of less than 10-4 m indicate that 
the maximal sedimentation coefficient reached is about 26 S. 
Higher TPN or TPNH concentrations do not have much effect 
on the sedimentation coefficient. Thus, from 1 x 10-4 to 6 x 
10-4 m TPNH, there is an increase of only 0.5 8S, whereas Fig. 5 
shows an increase of almost 2 S over this concentration range 
when DPN is used. Yet, the Michaelis constants for DPN 
and TPNH at this pH and temperature are almost identical. 

The variation of the sedimentation coefficient with DPNH 
concentration is quite different from that for DPN, TPN, or 
TPNH. Results obtained with increasing DPNH concentra- 
tions, constant enzyme concentration, and constant temperature 
are shown in Fig. 6. For these experiments, the enzyme con- 
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Fic. 5. The dependence of the sedimentation coefficient of 
glutamic dehydrogenase (@) and initial velocity of the enzymatic 
reaction (©) as a function of DPN concentration. Details are 
given in the text. 
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Fic. 6. The dependence of the sedimentation coefficient of glu- 
tamic dehydrogenase as a function of DPNH concentration. 
Numbers in parentheses above points at high DPNH concentra- 
tions are approximate areas of the two peaks. Experiments per- 
formed at an average rotor temperature of 9° and enzyme con- 
centration of 3.0 mg. per ml. 


centration was 3 mg. per ml., and the sedimentation coefficient 
in the absence of DPNH was found to be 22.98. Fig. 6 shows 
that increasing DPNH concentration leads to an initial increase 
in the sedimentation coefficient to a maximum of 26.4 § at 
slightly over 1 x 10-4 m DPNH. At higher concentrations of 
DPNH there is a slight decrease in the value of the sedimentation 
coefficient and above a concentration of about 3.5 x 10-4 m, two 
peaks with remarkably different sedimentation coefficients ap- 
pear in the sedimentation pattern. The approximate areas of 
these two peaks at the higher DPNH concentrations are shown 
in Fig. 6 in parentheses above the points showing the value of 
the sedimentation coefficients. The concentration of protein 
as represented by the area of the two peaks is subject to considera- 
ble error as a result of the fast moving component sedimenting 
in the presence of a slower moving component and as a result 
of the dissociation of enzyme upon dilution, although these er- 
rors tend to cancel out. It will be shown below that the dis- 
sociation of enzyme by high DPNH concentrations is directly 
related to the inhibition of the initial velocity of the enzymatic 
reaction at high DPNH concentrations. 


DISCUSSION 


Correlation of Kinetic and Sedimentation Data—The results 
obtained above strongly indicate that the association of the en- 
zyme is intimately involved in the mechanism of the enzymatic 
reaction, since concentrations of coenzyme which affect the 
sedimentation behavior of the enzyme are similar to those which 
must be used to determine the kinetic constants. This conclu- 
sion is best demonstrated by Fig. 5 which shows the effect of 
DPN concentration on both the sedimentation coefficient (dark 
circles) and the reaction velocity. Results at approximately 
the same concentrations of DPN have been plotted for both the 
kinetic and sedimentation measurements. The reaction veloc- 
ities were obtained from the plot shown in Fig. 1. The open 
circles represent initial velocities calculated from the solid line 
in Fig. 1 and include the increase in initial velocity due to DPN 
activation. The triangles are initial velocities calculated on the 
assumption that there is no activation by DPN, 2.e. that the 
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Lineweaver-Burk plot is linear with a Michaelis constant of 1.4 x 
10-5 m. The plots of se and initial velocity coincide only if it 
js assumed that binding of DPN to the active site of the enzyme 
causes association of the enzyme molecule. In the sedimenta- 
tion experiments, the enzyme is only about 85 per cent dissociated 
in the absence of DPN, contrastec to 100 per cent dissociation 
in initial velocity experiments. However, the plot of 82 against 
DPN is largely dependent on the dissociation constant of the 
enzyme-DPN complex and independent of the fact that the ab- 
solute concentration of the enzyme used in the sedimentation 
experiments is considerably higher than that used in the initial 
velocity experiments. The shape of the plot of initial velocity 
as a function of DPN concentration is, of course, dependent only 
on the values of the Michaelis and activation constants or, as 
in the broken line of Fig. 5, on the Michaelis constant alone. 

Similar experiments with other coenzymes give similar results. 
Such experiments indicate that it is coenzyme binding with the 
active site which is responsible for the majority of the change of 
the sedimentation coefficient. Similarly, it is apparent that the 
binding of DPN to the nonactive site has only a small effect on 
the value of the sedimentation coefficient. It is therefore quite 
clear that a comparison of sedimentation coefficients and initial 
velocities as a function of coenzyme concentration is valid, and 
that there is a direct correlation between initial velocity and 
degree of association of the enzyme. The correlation as shown 
in Fig. 5 indicates that the Michaelis constant for DPN deter- 
mined kinetically is a true dissociation constant. This con- 
clusion is supported by the fact that the Michaelis constant for 
DPN, in the presence of ADP to prevent DPN activation (7), 
does not vary with glutamate concentration, a result which also 
indicates that the experimentally determined Michaelis constant 
is a dissociation constant (11). 

As pointed out above, the Michaelis and inhibition constants 
for DPNH do not appear to change much between 14—-25°. 
Thus it is possible to make a rough correlation between DPNH 
inhibition and the areas of the two peaks in the sedimentation 
experiments. For example, Fig. 2 shows that at 4 x 10-4 m 
DPNH, the initial velocity is only about 70 per cent of the maxi- 
mal initial value at 1.2 x 10-*m DPNH. Fig. 6 shows that at 
this DPNH concentration the area of the fast sedimenting 
peak is about 70 per cent of the total. Similar results are ob- 
tained at the higher DPNH concentrations. Such results are, 
of course, only very approximate. 

Many other such correlations may be made, all of which show 
the close relation between sedimentation and kinetic behavior. 
These correlations show that the degree of association or dis- 
sociation directly determines initial velocities or, alternatively, 
that the reaction velocities are a measure of the state of associa- 
tion or dissociation of the enzyme molecule. Clearly, the as- 
sociation-dissociation equilibrium must be considered in the in- 
terpretation of kinetic results obtained for this enzyme. 

Binding Sites for Coenzyme—The present studies do not in- 
dicate how many catalytically active sites there are in the en- 
zyme molecule. However, it is interesting to note that the en- 
zyme has been found to contain an average of 3.4 moles of zinc 
per mole of enzyme of molecular weight 1 x 10® (12) and that 
dissociation of the enzyme by DPNH or 1,10-phenanthroline 
vields 4 subunits (1). Not all the binding sites are catalyti- 
cally active; specifically, the data show that for each DPN or 
DPNH molecule bound to an active site, a 2nd molecule may also 


C.. Frieden 


813 


bind, but to a noncatalytically active site. Thus only half the 
sites which bind DPN or DPNH are enzymatically active sites. 
This concept is supported by the finding of van Eys et al. (13) 
that for a number of dehydrogenases, 2 molecules of DPN are 
bound per mole of substrate analogue. It is interesting to note 
that the kinetic and sedimentation data indicate that only half 
the binding sites for DPN or DPNH are available for TPN or 
TPNH; specifically those binding sites which are enzymatically 
active. It is always possible, of course, that TPN or TPNH may 
bind to nonactive sites but that such binding would have no effect 
on the kinetic or sedimentation behavior. In view of the large 
effects caused by DPN or DPNH binding to nonactive sites, 
such a possibility seems extremely unlikely. 

A general scheme for dehydrogenase action has been suggested 
by van Eys et al. (14) which requires the presence of 2 DPN 
molecules for enzymatic reaction to proceed. The conclusion of 
these workers is that a bound, nonactive, DPN molecule is 
necessary for the reaction to proceed. Derivations of kinetic 
equations for the mechanism proposed are complex, and it is 
not certain that the kinetic data would fit such equations. How- 
ever, such a mechanism does not appear to hold for glutamic 
dehydrogenase on the basis of data so far presented. It is clear 
that the presence of 2 DPNH molecules causes inhibition of 
the reaction as well as dissociation of the enzyme. On the other 
hand, the presence of 2 DPN molecules causes activation and a 
further increase in sedimentation coefficient. The affinities of 
these two sites for DPN are so different that at concentrations 
of DPN approximately equal to the Michaelis constant, less 
than 4 per cent of the DPN would be bound to the activating 
site. 

One of the puzzling aspects of this study is why DPNH causes 
dissociation of the molecule whereas DPN does not. Sedimenta- 
tion experiments have been carried out with conditions under 
which both the active and activating sites are almost completely 
occupied by DPN, yet there is no decrease in the sedimentation 
coefficient. One possibility is that the difference between these 
coenzymes may result from differences in the manner by which 
they are bound to the enzyme. If this were true, the dissocia- 
tion of the enzyme may be a valuable tool in determining the 
groups involved in coenzyme-binding. On the other hand, the 
difference between these coenzymes might result from their dif- 
ferent charge which would influence the association-dissocia- 
tion equilibrium. The nature of the forces involved in the 
association-dissociation reaction has not yet been investigated 
and should prove to be an interesting study. The unusual 
temperature effects on the Michaelis constant for DPN as con- 
trasted to the Michaelis constant for DPNH undoubtedly result, 
in part, from the effect of temperature on the association-dis- 
sociation equilibrium. 


SUMMARY 


1. Crystalline beef liver glutamic dehydrogenase is a disso- 
ciable enzyme. The coenzymes for the reaction, diphospho- 
pyridine nucleotide (DPN), its reduced form, triphosphopyridine 
nucleotide, and its reduced form, have been investigated for 
their effects upon both the association-dissociation reaction and 
the rate of the enzymatic reaction. The experiments were all 
made at pH 8.0 in tris(hydroxymethyl)aminomethane-acetate 
buffers. 

2. The kinetic and sedimentation data show that the associa- 
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tion-dissociation behavior exhibited by this enzyme must be 
directly related to its catalytic function. 

3. At coenzyme concentrations of less than 3 x 10-4 m, the 
presence of any of the coenzyme favors the association of enzyme 
subunits, as represented by an increase in the sedimentation 
coefficient of the enzyme. Reduced DPN differs from the others 
in that concentrations greater than 3.5 107‘ m cause dissocia- 
tion of the enzyme as represented by the appearance of two dis- 
tinct peaks in the sedimentation patterns. DPN differs from 
the triphosphopyridine nucleotides in that the sedimentation 
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coefficient in the presence of DPN is slightly higher than thoge 
in the presence of either triphosphopyridine nucleotide or itg 
reduced form. 

4. Correlation of the sedimentation and kinetic data show 
that association of the enzyme results in increasing rates of the 
enzymatic reaction, whereas dissociation results in inhibition, 
the enzyme being inactive when dissociated. 

5. It is found that all the coenzymes are bound to the same 
active site of the enzyme, but that in addition, DPN and itg 
reduced form are bound to a second, noncatalytically active, site. 
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The previous paper has shown that for beef liver glutamic 
dehydrogenase, an enzyme which undergoes reversible dissocia- 
tion, there is a direct correlation between the initial velocity and 
sedimentation behavior of the enzyme as a function of the coen- 
zyme concentration (1). The kinetic studies carried out showed 
that the effects of the coenzyme on the initial velocity of the 
enzymatic reaction may be interpreted in terms of the associa- 
tion-dissociation behavior of the enzyme, a conclusion which 
should extend to the effects of other compounds on the reaction 
velocity. It is the purpose of the present investigation to study 
the effects of various compounds on the kinetic and molecular 
properties of the enzyme. It will be shown that compounds 
which have rather striking effects on the over-all reaction velocity 
exert these effects by influencing the degree of association or 
dissociation of the enzyme molecule. Furthermore, these ef- 
fects are dependent on the coenzyme used, since the coenzymes 
themselves have different effects on the association-dissociation 
reaction. Most of the compounds studied bear some structural 
relation to portions of either the di- or triphosphopyridine nu- 
cleotide molecule, and those which exhibit the most unusual 
kinetic effects are the adenosine nucleotides. However, in ad- 
dition, some experiments have been performed with 1, 10(ortho)- 
phenanthroline, a compound that causes dissociation of the en- 
zyme into four subunits (2). The results support the conclu- 
sions of the previous paper concerning the presence of active and 
nonactive binding sites on the enzyme molecule (1). 


EXPERIMENTAL 


The kinetic and sedimentation experiments were carried out as 
described in the previous paper (1). All kinetic experiments 
were conducted at pH 8.0 in 0.01 m Tris-acetate! buffer. When 
DPN or TPN was used as coenzyme, the concentration of L- 
glutamate used was 0.05 m. When DPNH or TPNH was used 
as coenzyme, the reaction mixture was 0.05 m with respect to 
a-ketoglutarate and 0.1 mM with respect to NH,CIl. 

Reagents—Most of the nucleotides used were obtained from 
the Sigma Chemical Company, except that UDP, CDP, 5’-IMP 
and the deamino analogue of DPN were products of Pabst 
Laboratories, and 2’-AMP was obtained from Schwarz Lab- 
oratories. Reduced deamino DPN was prepared by chemical 
reduction with hydrosulfite. The oxidized and reduced N- 


* This investigation was supported in part by a research grant 
(No. RG-5704) from the National Institutes of Health, United 
States Public Health Service. 

1The abbreviation used is: Tris, tris(hydroxymethyl)amino- 


methane. 


methylnicotinamides were obtained from Dr. G. R. Drysdale. 
NMN was prepared from DPN with the use of snake venom 
pyrophosphatase as described by Kaplan and Stolzenbach (3). 
This NMN was obtained free of metal ions by means of a Dowex 
50 column (Na*+ form). Reduced NMN was prepared from 
metal-free NMN by use of hydrosulfite. The NMNH was then 
precipitated as the barium salt from alcohol. For use in kinetic 
experiments, Ba++ was removed with excess Na2SO,. The a- 
ketoglutarate was recrystallized before use from acetone-ben- 
zene mixtures, and the sodium-1t-glutamate used was over 99 per 
cent pure. 1,10-phenanthroline was a product of G. Frederick 
Smith Chemical Company. The crystalline beef liver glutamic 
dehydrogenase was obtained from C. F. Boehringer, Germany. 

Methods—When varying concentrations of DPNH were used 
as coenzyme at a particular concentration of inhibitor, the re- 
sults were plotted as the ratio of velocity with and without in- 
hibitor as a function of coenzyme concentration. This procedure 
was adopted because of the inhibition by DPNH which would 
make interpretation of the usual Lineweaver-Burk plot (4) 
difficult. It may be shown that results plotted this way differ 
depending on whether the inhibition is competitive, noncompeti- 
tive, or uncompetitive and that the inhibition constants may be 
calculated from this tvpe of plot. For TPNH or TPN as co- 
enzyme, the usual Lineweaver-Burk plot may be employed. At 
25°, the Michaelis constant and activation constant for DPN 
are different enough so that at low DPN concentrations, the 
usual Lineweaver-Burk plot may also be used. 


RESULTS 


The effect of coenzyme on the sedimentation behavior and 
kinetic properties of glutamic dehydrogenase have been de- 
scribed in the previous paper (1). The experiments reported 
in the present paper represent attempts to find compounds which 
are bound to the same binding sites as the coenzymes and thereby 
influence both the kinetic properties and the association-dis- 
sociation behavior of the enzyme. 

Effects of Adenosine Nucleotides on Initial Velocity and Sedi- 
mentation Behavior of Enzyme—The previous paper has shown 
that neither TPN nor TPNH is bound to a nonactive site of the 
enzyme even though the active site for all the coenzymes is the 
same (1). Thus, it appeared likely that compounds which re- 
sembled the adenosine nucleotide moiety of the diphosphopyri- 
dine nucleotides might be bound to the nonactive site also. 
Adenosine, 2’- and 5’-AMP, ADP, and ATP have been thor- 
oughly investigated with respect to their influence on the initial 
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Fic. 1. The effect of increasing concentration of adenosine (A), 
5’-AMP (@) and ADP (O) on the enzymatic oxidation of TPNH. 
Experiments conducted at 25°, pH 8.0, in 0.01 m Tris-acetate at a 
TPNH concentration of 1.2 XK 10-4 mM. a-Ketoglutarate and 
NH,CI concentrations were 0.05 and 0.1 M, respectively. 


velocity of the enzymatic reaction and the sedimentation be- 
havior of the enzyme. Since experiments involving TPN or 
TPNH should be most readily interpretable, these results are 
presented first. 

TPNH—Fig. 1 shows the effect of increasing concentrations of 
adenosine, 5’-AMP, and ADP on the initial velocity of the en- 
zymatic reaction at constant TPNH concentration. This figure 
shows that these three compounds increase the rate of TPNH 
oxidation and that the activation by ADP is greater than that 
by the 5’-AMP which in turn is greater than that by the adeno- 
sine. The extent of activation by these compounds is essentially 
independent of the TPNH concentration, indicating that TPNH 
does not compete for the site to which the AMP or ADP is bound. 
As the concentration of adenosine, 5’-AMP or ADP is increased, 
however, it competes with TPNH for the active site of the en- 
zyme as demonstrated by inhibition of the reaction (Fig. 1). 
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Fic. 2. The effect of ADP and ATP on the enzymatic oxidation 
of DPNH as a function of DPNH concentration at pH 8.0 and 25° 
in 0.01 m Tris-acetate buffer. 
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At constant TPNH concentration inhibition by adenosine js 
greatest, and it may be calculated that the inhibition constant 
for adenosine is at least 4 X 10-4 mM. On the other hand, the 
activation constant for 5’-AMP or ADP is about 4 * 10-5 
The inhibition constants for 5’-AMP and ADP are larger than 
4 < 10‘ M, and it is clear that the affinities of the two sites, 
active and nonactive, for the adenosine nucleotides are markedly 
different. As distinct from the 5’-AMP and ADP, the 2’-AMP 
shows no activation of the reaction at any concentration. This 
compound is only inhibitory, and the inhibition constant is 
about 5 & 10-3 m when either TPNH or DPNH is used. 

Whereas the 5’-AMP and ADP increase the initial velocity, 
ATP shows practically no effect on the enzymatic rate when 
TPNH is the coenzyme. Experiments with ATP and TPNH 
yielded rather erratic results, sometimes showing slight activa- 
tion and sometimes slight inhibition, but the rate in the presence 
of ATP, up to 2 * 10°? never differed by more than 15 to 20 
per cent from the rate in its absence. However, it may be shown 
that ADP and ATP are bound to the same site of the enzyme 
since 5 X 10-3 m ATP, although having almost no effect by it- 
self on the reaction velocity, will almost completely remove the 
activating effect of 5 m ADP. 

TPN—Initial velocity studies with TPN used as coenzyme 
are similar to those in which TPNH is used except that in addi- 
tion to 5’-AMP and ADP, the presence of ATP will also activate 
the enzymatic reaction. As with TPNH, the activation by these 
compounds is essentially independent of the TPN concentration. 

DPN H—The fact that both TPN and TPNH are bound only 
to the catalytically active site of the enzyme makes interpreta- 
tion of the above results quite straightforward in terms of simple 
activation and inhibition. The data obtained with DPNH, 
however, are remarkably different as a consequence of the fact 
that DPNH binding at both the active and nonactive sites re- 
sults in dissociation of the enzyme to its inactive form. Thus 
compounds which affect the binding of DPNH at either one of 
these sites may have a great influence on the reaction velocity. 

Fig. 2 shows the effect of ADP and ATP on the initial velocity 
as a function of DPNH concentration. These data are plotted 
as the ratio of initial velocity in the presence of 5 xX 107-4 mM 
ADP or ATP to the velocity in the absence of ADP or ATP 
(v’:v). Fig. 2 shows that v’:v increases with increasing DPNH 
concentration at constant ADP concentration but decreases 
with increasing DPNH concentration at constant ATP concen- 
tration. In this particular experiment, there is a difference of 
14-fold in the initial velocity at a DPNH concentration of 3 X 
10-4 

In order to show that ADP and ATP are affecting the kinetic 
behavior by influencing the extent of dissociation of the enzyme, 
sedimentation velocity experiments have been conducted in the 
presence of DPNH with and without ADP and with and without 
ATP. The results of these experiments are shown in Fig. 3 
and were made at a protein concentration of 3.2 mg. per ml. 
In Fig. 3 A, the concentration of DPNH in both the lower and 
upper cell is 3.8 x 10-4 m. In addition, the solution in the 
upper cell is 5 & 10-4 with respect to ATP. At this particular 
DPNH concentration, about 10 per cent of the protein is dis- 
sociated as represented by the area in the lower cell. The 
sedimentation coefficients of the two peaks are 24.5 and 15 5S. 
The addition of ATP, the upper cell in this figure, shows that 
the effect of DPNH has been enhanced and dissociation is almost 
complete. The peak in the presence of ATP and DPNH has 
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4 sedimentation coefficient of 13.7 S and is only slightly skewed. 
At the same concentration, ATP in the absence of DPNH has 
no effect on the sedimentation velocity behavior. Fig. 3 B 
shows the effect of ADP (upper cell) on dissociation by DPNH. 
The concentration of DPNH in both cells is 4.6 « 10-4 mM, which 
is high enough to yield an area of about 40 to 50 per cent for the 
slow moving peak. The sedimentation coefficients of the two 
peaks in the lower cell are 21.0 and 12.35. To the upper cell, 
2 x 10-4 m ADP has been added, and the dissociation of the 
enzyme by DPNH is almost completely reversed. The sedi- 
mentation coefficient for the peak in the upper cell is 26.9 8, 
and the peak is slightly skewed. ADP in the absence of DPNH 
increases the sedimentation coefficient of the enzyme, but not 
to a very great extent. 

Adenosine and 5’-AMP act in a manner similar to ADP, 
although the effects of adenosine are not as striking as for the 
AMP or ADP. That these compounds are binding at the same 
site as ADP is shown by the fact that at an adenosine or 5’- 
AMP concentration of 2 « 10-4 M, dissociation of enzyme by 
DPNH is almost completely reversed, the results being almost 
identical to those shown in Fig. 3 B. 

[It was shown above that ADP and ATP compete for the same 
site of the enzyme molecule in the oxidation of TPNH. Similar 
results are obtained for the oxidation of DPNH as well. In 
addition, the inhibition constant of ATP (uncompetitive in- 
hibition) is 3.5 X 10°-° M, almost identical with the activation 
constants for the 5’-AMP and ADP. Thus there is little doubt 
that the same site is involved in the binding of 5’-AMP, ADP, 
and ATP. 

DPN—Since DPN does not cause dissociation of the enzyme 
at high concentrations, the influence of the adenosine nucleotides 
will quite naturally be different from that for DPNH. Typical 
results, plotted as reciprocal initial velocity against reciprocal 
DPN concentrations, in the presence and absence of 5 « 10-4 
mu ADP are shown in Fig. 4. These data were obtained at 25°, 
pH 8.0, in 0.01 m Tris-acetate buffer. In the absence of ADP, 
the Michaelis and activation constants for DPN are calculated 
to be 0.7 * 10-4 mM and 2 107% M, respectively. However, in 
the presence of ADP, the plot is linear with a Michaelis constant 
of 0.9 * 10-4m. A comparison of the affinity of the activating 
site for DPN and ADP shows that at the concentration of ADP 
used, essentially no DPN is bound to the activating site even at 
the highest DPN concentrations used in this experiment. Not 
only does the ADP prevent DPN binding, but the presence of 
the nucleotide activates the enzymatic reaction similar to its 
activation of TPNH oxidation, although it would appear from 
Fig. 4 that DPN is a better activator of the reaction than is ADP. 
This plot also shows that the activation of the reaction by a 
particular concentration of ADP will become progressively less, 
the higher the DPN concentration. The 5’-AMP and ATP act 
in a similar manner to ADP, although ATP does not seem to 
activate the reaction as well as 5’-AMP or ADP. The formation 
of an enzyme-DPN-ATP complex does not cause dissociation 
of the enzyme as observed by sedimentation experiments. 

Results with DPN, DPNH, TPN, and TPNH, which illustrate 
their behavior with ADP and ATP are summarized in Table I. 
Data are given as the ratio of the velocities in the presence and 
absence of ADP or ATP. The table shows the effect of the 
adenosine nucleotide at high and low concentration of coenzyme. 
Adenosine and 5’-AMP are not listed since their effects are similar 
to ADP, and different only in magnitude. 
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Fic. 3. Sedimentation diagrams illustrating the effect of (A) 
ATP and (B) ADP on the dissociation of enzyme by DPNH. In 
both experiments, two double sector centrifuge cells were used; 
the lower pattern shows the effect of DPNH alone and while the 
upper pattern is the result of addition of either (A) ATP or (B) 
ADP in the presence of DPNH. Pietures taken at 40 minutes 
after reaching a speed of 42,040 r.p.m. Average rotor tempera- 
ture was 9° and 4° for (A) and (B), respectively, and the direction 
of sedimentation is from left to right. Protein and nucleotide 
concentrations are given in text. 


Effects of Other Nucleotides on Enzymatic Reaction—In order 
to determine whether the effects so far described are specific for 
the adenine moiety, several other nucleotides were tested for 
their effect on the oxidation of TPNH. If these compounds were 
bound at the same site as ADP, they would undoubtedly activate 
the reaction. However, 1 X 10°* mM concentrations of 5’-IMP, 
5’-GMP, and UDP had only inhibitory effects on the reaction 
rate. CDP did not inhibit the reaction at this or at lower con- 
centrations, but showed very slight activation (about 5 to 10 
per cent). Thus, it would appear that the adenine moiety is 
essential for the binding of nucleotides to the nonactive site of 
the enzyme. In addition to the above nucleotides, the deamino 
analogues of DPN and DPNH have been tested. It has been 
observed previously that the deamino DPN showed no such 
activating effects as does DPN (5). This has been confirmed, 
and in addition it has been found that the deamino DPNH does 
not appear to show any inhibitory effects. The Michaelis con- 
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Fic. 4. Lineweaver-Burk plots for DPN in the presence (@) 
and absence (O) of 5 X 10°*m ADP. Results obtained at 25°, 
pH 8.0, in 0.01 m Tris-acetate buffer at a glutamate concentration 
of 0.05 M. 
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TaBLeE 
Effect of Adenosine Nucleotides on Initial Velocity 
Results in this table are given as the ratio of initial velocity 
in the presence of ADP or ATP to the initial velocity in the ab- 
sence of ADP or ATP (v’:v) at high and low DPN and DPNH 


concentrations. 


Coenzyme Concentration 
DP ATP 
5X 10-* 5X 
DPN 5 X 10-5 Mm 3.32° 1.5 
1X 1.3 1.3 
DPNH 3X 10-5 1.5 0.65T 
4X 3.5f 0.2T 
TPN All concentra- 3.0 2.8 
tions 
TPNH All concentra- 3.2 1.0 
tions 


* Increases sedimentation coefficient over DPN alone at this 


DPN concentration. 
t Enhances dissociation of the enzyme in the presence of 


DPNH. 
t Prevents dissociation of the enzyme in the presence of DPNH. 


stant for deamino DPNH was found to be about 0.8 « 10-4 Mo, 
and concentrations up to 1 x 10-* m give no dissociation of the 
enzyme as observed in sedimentation experiments. 

Effect of Nicotinamide Derwatives on Enzymatic Reaction— 
Nicotinamide, oxidized and reduced N-methylnicotinamide, 
NMN, and NMNH were all investigated for their effects on the 
initial rate of oxidation with TPNH and DPNH. None of these 
compounds exhibits any striking effects on the reaction velocity 
up to concentrations of about 5 K 10-4 m. Above these levels, 
the reduced compounds absorb too strongly to measure initial 
velocities. NNMWN shows a very slight tendency to activate the 
reaction up to concentrations of 1.5 « 10-* mM, but the activation 
is only about 25 per cent greater than in the absence of NMN. 
At levels of NMNH of about 5 x 10 M, there is only slight 
inhibition. In all these experiments, the concentration of 
TPNH or DPNH used was about 1.2 1074 M. 

The inhibition constant for oxidized N-methylnicotinamide is 
about 1 xX 10-7 m when DPNH is used as coenzyme. The 
reduced N-methylnicotinamide, however, has an inhibition con- 
stant which is lower by about 10-fold. Nicotinamide up to con- 
centrations of 2 x 107? m has essentially no effect on the in- 
itial velocity of oxidation of DPNH. 

Effect of 1,10-Phenanthroline on Enzyme Dissociation and 
Initial Velocity—It has been shown that 0.02 m 1,10-phenan- 
throline completely inhibits the enzymatic reaction and causes 
complete dissociation of the enzyme (2). The effect of 1,10- 
phenanthroline was examined originally because of its known 
metal-chelating properties (6), and the fact that glutamic de- 
hydrogenase is a zinc-containing enzyme (7). Thyroxine, also 
a strong metal-binding reagent, will cause dissociation of the 
enzyme, and it has been shown that thyroxine is a strong in- 
hibitor of the reaction at relatively low concentrations (8, 9). 
Enzyme dissociated by 1,10-phenanthroline is not further dis- 
sociated when DPNH is added. However, the dissociation is 
prevented by the presence of coenzymes other than DPNH, 
although TPN and TPNH seem to be less effective than DPN. 
Such experiments demonstrate that coenzyme affects the binding 
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of 1,10-phenanthroline, presumably by competing for the same 
binding site of the enzyme. 

Experiments on the inhibition of the enzymatic reaction in the 
presence of 1,10-phenanthroline show that this inhibition igs 
reversible under conditions similar to those used in the sedimenta- 
tion experiments. Thus for an enzyme solution at pH 8.0 in 
0.1 m Tris-acetate buffer at about 5-10°, and in the presence of 
0.02 m 1,10-phenanthroline, there is little or no change in the 
initial velocity after dilution for assay up to periods of 1.5 
hours. Furthermore, the ratio of initial velocities at different 
enzyme dilutions did not change over the same time period, as 
contrasted with results recently obtained for yeast alcohol de- 
hydrogenase (10). In the kinetic experiments enzyme was nor- 
mally added last to the cuvette containing the reaction mixture. 

At low 1,10-phenanthroline concentrations (< 2 x 10-3 m) 
with any coenzyme, inhibition by 1,10-phenanthroline may be 
completely removed by the addition of ADP. For example, 
the velocity in the presence of 0.5 < 10-4_m ADP is almost the 
same with or without 1,10-phenanthroline even though the 
1,10-phenanthroline alone (2 K 107% M) may cause up to 60 
per cent inhibition of the velocity. These experiments show 
that 1,10-phenanthroline and ADP appear to compete for the 
same site. 


DISCUSSION 


A considerable number of different effects have been observed 
on the rate of the enzymatic reaction in the presence of adenosine 
nucleotides with the different coenzymes of glutamic dehydro- 
genase. Although results with TPN and TPNH are relatively 
simple to interpret, it is difficult to envisage a general scheme 
to encompass all the effects with the different coenzymes unless 
the results are interpreted in terms of the association-dissocia- 
tion behavior of the enzyme and the specificity of its binding 
sites. 

It is clear from the results of this paper that the nonactive 
site to which DPN and DPNH may be bound (1) is identical 
to the site to which the adenosine nucleotides are bound, and 
that the unusual effects of the adenosine nucleotides on the rate 
of the enzymatic reaction result from the fact that these nu- 
cleotides compete with DPN or DPNH for this nonactive site, 
ADP increases the initial velocity of DPNH oxidation, because 
it displaces the second inhibitory molecule of DPNH, thereby 
preventing the dissociation of the enzyme by DPNH to its 
inactive form. As a result, stimulation by ADP becomes 
greater at higher concentrations, up to the point at which the 
DPNH concentration is so high that it displaces the ADP. 
Increasing the DPNH concentration then causes a decrease in 
the rate of the enzymatic reaction. For example, in an experi- 
ment in which the concentration of ADP was only 5 x 10-5 M, 
v’:v (the ratio of the velocity in the presence and absence of 
ADP) was 1.9 at a DPNH concentration of 2 x 10-4 m, but had 
decreased to 1.3 at a DPNH concentration of 5 k 10-‘m. In 
direct contrast to ADP, ATP when bound to the nonactive site 
with DPNH as coenzyme, enhances the dissociation by DPNH. 
Since the dissociated enzyme is inactive, the ratio v’:v will 
decrease with increasing DPNH concentration when the con- 
centration of ATP is held constant. As with ADP, this ratio 
will again begin to approach 1 when the DPNH concentration 
gets so high that it displaces the ATP. For this type of in- 
hibition, where the inhibitor has no effect unless the DPNH 
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is bound, the maximal velocity and Michaelis constant are de- 
creased by the same factor, namely by (1 + I/K)). 

Such results for DPNH are different from those obtained with 
TPNH as coenzyme, since TPNH cannot bind to the nonactive 
site of the enzyme. As a result, TPNH cannot cause dissocia- 
tion of the enzyme nor can it displace ADP or ATP from the 
nonactive site no matter how high the concentration. Therefore, 
ADP activates the reaction, but the ratio v’:v is independent of 
TPNH concentration. 

For DPN reduction, ADP causes activation similar to the 
activation of TPN or TPNH. However, since DPN and ADP 
may compete for the nonactive site, ADP can prevent DPN 
activation. However, high concentrations of DPN will dis- 
place ADP from the nonactive site so that the ratio v’:v will 

again depend on the DPN concentration. 

All the effects of the various nucleotides on the rate of the 
enzymatic reaction with the different coenzymes may be qualita- 
tively described in terms of the postulated active and nonactive 
site, the different specificities of these two sites, and the associ- 
ation-dissociation behavior of the enzyme. However, in the 
quantitative description of the effect of the adenosine nucleotides, 
the number of factors which must be considered is quite large 
as exemplified by the ADP activation of DPNH oxidation. 
Unfortunately the effects overlap to some extent, so that in any 
particular experiment, there is a composite of factors influencing 
the reaction. However, the derivation of equations which de- 
scribe the experimental data on the basis of the proposed active 
and nonactive sites is straightforward. Furthermore, the data 
so obtained for one coenzyme are consistent with data for other 
coenzymes. For example, the binding constant of ADP is 
about 3.5 10-5 M regardless of whether it is determined from 
data obtained with DPN, DPNH, TPN, or TPNH. 

It is quite apparent that the active and nonactive sites of the 
enzyme are different with respect to their affinity for different 
nucleotides. Thus the active site, in addition to binding either 
the di- or triphosphopyridine nucleotides, also binds adenosine, 
nicotinamide derivatives, and most other nucleotides, although 
some of these compounds are only poorly bound. The nonactive 
site in addition to adenosine, is specific only for the 5’-adenosine 
nucleotides as exemplified by AMP, ADP, ATP, DPN, and 
DPNH. Most other nucleotides tested, such as the 2’-AMP, 
5’-IMP, 5’--GMP, UDP, TPN, TPNH, and the deamino ana- 
logue of either DPN or DPNH are not bound to this site. Such 
differences raise the possibility that the manner by which these 
compounds are bound, perhaps even the groups involved in the 
binding, may be different for the two different sites. 

With respect to the specificity of the nonactive site, it is 
interesting to note some results recently obtained by van Eys 
et al. (11) on the activation of DPN reduction by nucleotides 
for yeast alcohol dehydrogenase. These workers found that 
either ADP or ATP caused an increase in initial velocity of 
DPN reduction, but that the activation was not specific for 
adenosine nucleotides, and the maximal effect occurred at rather 
high nucleotide concentrations. 

The effects of ADP and ATP on isolated glutamic dehydro- 
genase are undoubtedly different from their effects in vivo. 
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However, since glutamic dehydrogenase is present within the 
liver mitochondria in high concentrations, the unusual activator 
and inhibitory effects of these nucleotides on the initial velocity 
may very well need to be considered with respect to their role 
in oxidative phosphorylation. This is especially so because of 
the difference that these nucleotides show with the different 
coenzymes. 

In discussing the results of this and the previous paper, it 
must be emphasized that the kinetic data obtained for glutamic 
dehydrogenase may be described in a straightforward manner in 
terms of the postulated active and nonactive sites of the enzyme 
and the specificity of such sites for different nucleotides. It is 
well known that there are many cases in which one cannot dis- 
tinguish among two or more different mechanisms from kinetic 
data alone. However, for the glutamic dehydrogenase, the di- 
rect relation between molecular and kinetic properties allows 
the choice of some details of the reaction mechanism with a much 
greater degree of certainty. It must be remembered that the 
kinetic data for glutamic dehydrogenase may be very different 
from that obtained for other dehydrogenases because of the ef- 
fects of the association-dissociation behavior on the catalytic 
properties of the enzyme. This difference, however, may be 
quite useful as a method for the clarification of specific details 
of the reaction mechanism of other dehydrogenases. It is clear 
that the details of a general scheme for dehydrogenase action 
must await further study on more dehydrogenases. 


SUMMARY 


1. Various compounds, most of which are structurally related 
to portions of the di- or triphosphopyridine nucleotide mole- 
cule, have been tested for their effects on the initial velocity of 
the beef liver glutamic dehydrogenase reaction when diphos- 
phopyridine nucleotide (DPN), triphosphopyridine nucleotide 
(TPN) and the reduced form of each are used as coenzymes. 
The experiments were performed at pH 8.0, in 0.01  tris(hy- 
droxymethyl)aminomethane-acetate buffer at constant and non- 
inhibitory levels of glutamate or a-ketoglutarate and NH,*. 

2. It is found that some compounds, specifically the adenosine 
nucleotides, have a considerable effect on the reaction velocity 
and that such effects depend on which coenzyme is used. 

3. The data are interpreted in terms of the postulated active 
and nonactive binding sites of the enzyme, the specificity of such 
sites, and the effect of the different coenzymes on the associa- 
tion-dissociation behavior of the enzyme. 

4. In addition to DPN and its reduced form, only adenosine, 
adenosine 5’-phosphate, adenosine diphosphate, and adenosine 
triphosphate are tightly bound to the nonactive site. Com- 
pounds which are bound to this site either very poorly or not 
at all include TPN, its reduced form, adenosine 2’-phosphate, 
inosine 5’-phosphate, guanosine monophosphate, uridine diphos- 
phate the deamino analogue of DPN or DPNH and several 
nicotinamide derivatives. 

5. In addition to DPN, DPNH, TPN, and TPNH, the active 
site may bind all the compounds listed above. However, the 
affinity for these compounds is considerably less than the affinity 
for the coenzymes of the reaction. 
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The a- and 6-globulin fractions of normal bovine synovial fluid 
have a higher proportion of hexosamine-containing glycoprotein! 
than the corresponding serum (1). Whether these fluid proteins 
have a specific function in synovial fluid, or ground substance 
generally, is as yet an open question. Some of the proteins may 
exist as complexes with hyaluronic acid (2-4); however, glyco- 
proteins having biological activity in serum may serve the same 
purposes in extracellular fluids. Thus the thyroxine-binding pro- 
tein appears to be present in lymph (5-8) suggesting that it com- 
plexes thyroxine in the extracellular fluid as it does in serum. 

Electrophoretic evidence shows that the thyroxine-binding pro- 
tein belongs to the class of a-globulins separated at pH 8.6 and 
the M-2 fraction separated at a pH of 4.5 (9-12). All available 
evidence leads to the conclusion that this protein has an acid iso- 
electric point and therefore may belong to the class of acid glyco- 
proteins. However, since it has not been isolated, it is not pos- 
sible to say with certainty that it is a hexosamine-containing 
glycoprotein. Some data suggest the probable presence of carbo- 
hydrate (13-15). 

The object of this paper is to show the presence of thyroxine- 
binding protein in normal bovine synovial fluid. This is accom- 
plished by determining the protein-bound iodine of synovial 
fluid, by demonstrating that added I'*!-labeled thyroxine migrates 
electrophoretically in the a-globulin region, and by comparing 
the thyroxine-binding capacity of the a-globulin of fluid with that 
of serum. 


EXPERIMENTAL 


Synovial fluids and sera from heifers? were collected and han- 
dled as previously described (1). In all cases, studies were begun 
immediately to obviate any changes due to storage. Total pro- 
teins were determined by a biuret method (16) while protein- 
bound iodine was determined by the procedure of Meyer et al. 
(17). With the latter, direct precipitation of proteins from syn- 
ovial fluid was hindered by the presence of hyaluronic acid. 
Precipitation was successful only after 2 ml. of fluid were first 
treated for 3 hours with 0.1 ml. of hyaluronidase solution (0.4 
mg. of enzyme per ml. of saline) at 37°. Then zine sulfate and 
sodium hydroxide were added in the prescribed manner (17). 

For the electrophoresis experiments, 4 ml. of serum and ap- 
proximately 4 ue. of I)*!-labeled thyroxine (dissolved in 50 per 


* This project was supported by grants from the United States 
Public Health Service (A-523 (C8)) and the Michigan Chapter, 
Arthritis and Rheumatism Foundation. 

1 Glycoprotein is used in this paper in connection with any 
hexosamine-containing protein. 

2 Synovial fluids and sera were obtained through the courtesy 
of Standard Beef, Inc., Detroit, Michigan. 


cent propylene glycol)? were diluted to 5 ml. with water. With 
synovial fluid, 15 ml. were first treated with 0.75 ml. of the hy- 
aluronidase solution and then concentrated by dialysis at 5° 
against a 20 per cent (by weight) solution of dextran.4 This 
concentrate and 4 ue. of I'*!-labeled thyroxine were combined 
and diluted to 5 ml. Then the mixtures were allowed to stand 
at room temperature for at least 30 minutes (12) before a 3-ml. 
aliquot was applied to the starch block for electrophoresis by the 
procedure previously described (1). The Veronal buffer had an 
ionic strength of 0.075 and a pH of 9.1. After electrophoresis for 
20 hours at 5°, the starch block was cut into successive 1-cm. 
segments each of which was then eluted with 5 ml. of a 1 per cent 
solution of salt. The protein content of the eluates, was meas- 
ured by the Lowry method (18). For measurements of radio- 
activity, 1-ml. aliquots were dried on aluminum planchets and 
counted with a Geiger-Miiller counter. 


RESULTS AND DISCUSSION 


Protein-bound iodine levels were determined for a series of 15 
cattle, Table I. Since it was necessary to pretreat the synovial 
fluid with hyaluronidase, a preliminary experiment was _per- 
formed to determine any undesirable effect of the enzyme. The 
protein-bound iodine for 0.1 ml. of hyaluronidase solution and 
0.9 ml. of bovine serum was the same as for 0.9 ml. of serum and 
0.1 ml of a 1 per cent solution of sodium chloride. For bovine 
serum an average was obtained of 1.2 ug. of iodine per gm. of 
total protein, whereas for synovial fluid the average was 2.6 ug. 
of iodine per gm. Although the data for synovial fluid show con- 
siderable variability, on the average, the fluid value was about 
twice that of serum which is similar to the findings for canine 
lymph (5). The presence of appreciable protein-bound iodine 
does not prove the existence of the thyroxine-binding protein, 
however, as albumin alone could be the complex-forming protein. 

To show the actual presence of thyroxine-binding protein, ap- 
proximately 4 ue. of I-labeled thyroxine were added to serum 
or concentrated synovial fluid as already described. Fig. 1 com- 
pares the electrophoretic distribution of labeled thyroxine with 
the protein pattern for synovial fluid; serum gave qualitatively 
similar curves. In this figure one ordinate is the per cent of total 
protein in each segment of starch and the other the radioactivity 
in c.p.m. per ml. of eluate. The abscissa is the fraction, Rainumin, 
which is the distance migrated divided by the distance of the 
albumin peak from the origin. It is clear from Fig. 1 that the 


3 Abbott Laboratories, Oak Ridge, Tennessee. Specific ac- 
tivity was 14 to 30 mc. per mg. 

4 Generous quantities of dextran were supplied by Commercial 
Solvents Corporation, Terre Haute, Indiana. 
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TABLE 
Protein-bound iodine of bovine serum and synovial fluid 


Protein-bound iodine values are given in wg. of I per 100 ml. of 
fluid and total proteins are given in gm. per 100 ml. 


Serum Synovial fluid 
Sample 
Protein- Protein- 
hound | srotcin | | | 
57-3 4.7 8.2 0.6 1.6 1.3 1.2 
57-5 10.2 7.0 1.5 4.5 1.8 2.5 
57-12 10.2 5.7 1.8 3.6 1.6 2.3 
57-13 7.3 7.3 1.0 1.5 0.9 1.6 
57-15 12.8 6.8 1.9 5.9 0.7 8.4 
57-16 12.4 6.2 2.0 6.5 0.8 8.1 
57-17 13.8 ee 1.9 7.5 1.5 5.0 
58-1 7.6 6.9 1.1 1.6 0.8 2.0 
58-3 7.0 6.8 1.0 2.7 1.6 1.7 
58-6 8.5 5.9 1.4 3.2 1.0 3.2 
58-7 11.2 8.0 1.4 5.3 2.0 2.6 
58-8 5.2 7.7 0.7 1.3 1.6 0.8 
58-9 5.5 7.7 0.7 0.0 0.7 0.0 
58-11 2.5 7.9 0.3 0.0 0.9 0.0 
58-13 4.5 By 0.6 0.2 1.1 0.2 
Average 8.2 Se 1.2 3.0 1.2 2.6 
$S.d.* +3.4 +0.8 +0.5 +2.3 +0.4 +2.6 
* Standard deviation. 
| | | | | | 
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Fic. 1. Electrophoretic distribution of I'*!-labeled thyroxine 
added in vitro to normal bovine synovial fluid. 


added thyroxine migrated primarily with the a-globulin region 
thereby demonstrating the presence of the thyroxine-binding pro- 
tein. Radiothyroxine added to the starch block in the absence 
of serum remained near the origin. 

It was desirable to compare the amount of thyroxine binding 
by the a@-globulin fraction of synovial fluid with that of serum. 
Two experiments were performed. First, before electrophoresis, 
the protein-bound iodine levels of serum and fluid samples were 
increased by adding varying amounts of unlabeled L-thyroxine 
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TABLE II 


Effect of protein-bound iodine level on electrophoretic 
distribution of radiothyroxine 


Samples separated electrophoretically consisted of 4 ml. of 
serum or concentrated synovial fluid (15 ml. of original fluid), 
unlabeled thyroxine and radiothyroxine adjusted to a final vol- 
ume of 5 ml. Electrophoretic distribution of radioactivity is 
expressed in per cent while the protein-bound iodine level is in 
ug. I per gm. of protein. 


Serum Synovial fluid 
Sample} Total Radioactivity Total Radioactivity 
protein- 
iodine a B and y a Bandy 
1 2.0 | 93.2; 2.1 5.] 78.3 | 9.2 | 12.5 
3 3.9 | 75.9 | 14.8 | 9.3 3.3 | 76.6 | 14.6] 8.8 
6 6.8 | 78.0 | 14.7 | 7.3 6.8 | 72.2 | 16.8 | 11.0 
13 16.6 | 54.2 | 20.6 | 25.2 31.1 45.4 | 21.6 | 33.0 
9 62.5 | 32.5 | 28.9 | 38.6 | 114.3 | 33.7 | 34.3 | 32.0 
3 onl 
> 
> 
o 
@ SERUM = 
F A SYNOVIAL FLUID 
= 
10 100 


PBI (wg. /gm. of protein) 


Fig. 2. Effect of increasing protein-bound iodine (PBI) on the 
distribution of radiothyroxine in the a-globulin fraction of bovine 
sera and synovial fluids. 


(dissolved in 50 per cent propylene glycol) in addition to the radi- 
othyroxine. For the preparation of these solutions, 0.0 to 24.2 
ug. of unlabeled L-thyroxine and 0.17 to 0.67 ug. of radiothyroxine 
(approximately 4 uc.) were combined with 4 ml. of serum or con- 
centrated synovial fluid (representing 15 ml. of original fluid). 
After diluting to 5 ml., a 3-ml. aliquot was used for the electro- 
phoretic separation. The total protein-bound iodine in yg. per 
gm. of protein was also determined on suitable aliquots of the 
adjusted mixtures. The distribution of radioactivity in the al- 
bumin, a@-, and the combined B- and y-areas was evaluated plani- 
metrically. The relative proportions, as well as the correspond- 
ing protein-bound iodine levels, are given in Table II. In Fig. 2 
the proportion of radioactivity in the a-globulin region is plotted 
against total protein-bound iodine on log-log paper (10). Since 
all of the points are on a single straight line, it appears that the 
amount of thyroxine binding by a-globulin is the same for syn- 
ovial fluid and serum. 


— 
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In a second study, serum and synovial fluid samples, adjusted 
to protein-bound iodine levels between 6.8 and 114 ug. per gm. 


of protein in the manner already described, were separated elec- 


trophoretically. Then, after electrophoretic separations, equal 
portions of the eluates, corresponding to the a-globulin region, 
were combined and aliquots of these mixtures were used for de- 
terminations of total protein (18) and iodine. For the latter, 
10-m]. samples were dried and ashed with sodium carbonate with- 
out prior precipitation of the protein. No interference in the 
jodine determination was observed from the presence of the barbi- 
tal buffer used for electrophoresis. In three samples of serum 
and synovial fluid the concentration of iodine was between 1.4 
and 2.2 ug. of iodine per 100 mg. of a-globulin protein regardless 
of the original protein-bound iodine level. Thus the thyroxine- 
binding protein had been saturated with thyroxine. There were 
no significant differences between the iodine contents of the 
a-globulin regions of serum and synovial fluid. This confirmed 
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the conclusion that the thyroxine-binding capacity was the same 
for both tissues. 


SUMMARY 


The protein-bound iodine for normal bovine synovial fluid was 
found to be about twice that of serum; 2.6 ug. of iodine per gm. 
of total protein for fluid compared with 1.2 ug. of iodine per gm. 
for serum. 

Electrophoresis on starch of serum and synovial fluid, con- 
taining I"!-labeled thyroxine, showed the presence of the thy- 
roxine-binding protein in both. Experiments correlating the 
relative proportions of radiothyroxine in the a-globulin regions 
with increasing protein-bound iodine levels showed that the thy- 
roxine-binding capacities of synovial fluid is the same as serum. 
This was confirmed by the observation that the a-globulin region 
of synovial fluid and serum, containing excess added thyroxine, 
had the same concentrations of total iodine. 
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rystalline preparations of the glutamic dehydrogenase of beef 
liver contain from 2 to 4 gm. atoms of zinc per mole of enzyme 
protein (1). The dependence of the catalytic activity of glutamic 
dehydrogenase on the metal is inferred from (a) the concomitant 
increase of zinc to protein and activity to protein ratios during 
its crystallization and (6) the inhibition of enzyme activity by 
agents which form stable complexes with zinc ions in aqueous 
solutions. 

In this report the inhibition of glutamic dehydrogenase by 
metal-binding agents, including 1,10-phenanthroline, is shown 
to depend on the ability of these agents to form a complex with 
zine ions and to be qualitatively similar to that observed with 
veast alcohol dehydrogenase, another zinc metallodehydrogenase. 
A mechanism for the inhibition of glutamic dehydrogenase by 
metal-binding agents similar to that observed for another zinc 
metallodehydrogenase, yeast alcohol dehydrogenase, (2, 3) is 
proposed, although glutamic dehydrogenase differs from alcohol 
dehydrogenase both with respect to the reaction it catalyzes and 
its protein size and structure. 

EXPERIMENTAL 

The reagents employed in the enzymatic assay were analyzed 
by emission spectroscopy and found to contain no significant 
quantities of metals (see below) likely to interfere with metal- 
binding agents. The phosphate buffer employed has been shown 
to be free of metals except for calcium in very small amounts (1). 
Since calcium does not form complexes with most of the metal- 
binding agents employed in this study, its presence could be dis- 
regarded. All reagents were neutralized to pH 7.6 before use or 
analysis. 

L(+)-Glutamic Acid—This was obtained from Eastman Or- 
ganic Chemicals Department, Eastman Kodak Company. By 
emission spectroscopy (4, 5) the 1.1 x 10°? mM potassium glu- 
tamate contained the following metals (in wg. per ml.): Sr 0.01, 
Ba 0.01, Cr 0.3, Al 0.1, Mg 0.08, and a trace of calcium; Cd, Co, 
Fe, Mn, Na, Ni, P, Pb, and Zn were not detected. 

DPN—A Pabst product (Lot No. 308). This was 95 to 99 


* This work was supported by a contract (No. NR-119-227) be- 
tween Harvard University and the Office of Naval Research, De- 
partment of the Navy, and by a grant-in-aid from the National 
Institutes of Health, and by the Howard Hughes Medical Insti- 
tute. 

t Fellow of the National Foundation for Infantile Paralysis. 
From the dissertation submitted by 8. J. Adelstein in partial ful- 
fillment of the requirements for the degree of Doctor of Philosophy 
at Massachusetts Institute of Technology, June 1957. 
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per cent pure as estimated by cyanide complex formation (6); 
8.3 X 10°° m DPN contained the following metals (in ug. per 
ml.) Ba 0.37, Sr 0.05, Ca 15.0, and Mg 0.47. Al, Cd, Cr, Co, 
Fe, Mn, Ni, Pb, and Zn were not detected. 

Metal-binding Agents—OP' (G. Frederick Smith Chemical 
Company); 8-hydroxyquinoline, sodium diethyldithiocarbamate, 
cupferron, pentanedione (Eastman); 2-carboxy-l-hydroxy-5- 
sulformazyl benzene (Zincon, La Motte Chemical Company); 
and EDTA disodium (Bersworth Chemical Company) were 
used without further purification. 

Glutamic Dehydrogenase—This was prepared fresh from beef 
liver by the method of Olson and Anfinsen (7) and was recrystal- 
lized three times or was recrystallized from a preparation ob- 
tained from a commercial source (C. F. Boehringer and Soehne, 
Mannheim, Germany). The turnover numbers varied from 
2400 to 3700 moles of DPN per minute per 10° gm. 

The metal-free water was obtained and the buffers were pre- 
pared as described previously (1). 

Enzymatic Assay—Enzyme activity was determined by fol- 
lowing the change in optical density of DPNH at 340 my with 
a Beckman DU spectrophotometer. For the measurement of 
the rate of formation of DPNH the following 3.0-ml. reaction 
mixture was used at 23°: glutamate, 1.1 &* 10-? m; DPN, 8.3 x 
10-* mM; 0.08 M potassium phosphate buffer at pH 7.8; and glu- 
tamic dehydrogenase, 3 ug. The enzyme was added last to start 
the reaction which was followed for 5 minutes. These concentra- 
tions provide optimal activity and a linear relation between en- 
zyme concentration and velocity for optical absorbance changes 
of <0.100 per 5 minutes. The initial velocity of the reaction, 
V, was measured as change in optical absorbance per cm. per 5 
minutes per 3 wg. of glutamic dehydrogenase, and was constant 
over this time interval; initial velocity was therefore measured. 
Relative activity is expressed as a fraction of the uninhibited 
control reaction, V;/V.. 

In studies of the effects of metal-binding agents on the activity 
of other dehydrogenases, the time of contact between the agent 
and enzyme has been found to be a significant variable (2, 3, 8). 
When metal-binding agents are added to the reaction mixture 
with substrate and coenzyme before the addition of enzyme an 
instantaneous? inhibition is observed. 


1 The abbreviations used are: OP, 1,10-phenanthroline; EDTA, 
ethylenediaminetetraacetate. 

2 “Tnstantaneous’”’ is defined as the shortest time in which the 
reaction rate could be measured after all the compounds of the 
glutamic dehydrogenase reaction have been brought into contact. 
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When metal-binding agents are preincubated with the enzyme 
before assay, a time-dependent inhibition occurs. Therefore, two 
methods of testing the interaction were employed in which the 
duration of contact between agent and enzyme differed. (a) 
The enzyme was added last to a reaction cuvette containing the 
metal-binding agent, substrate, coenzyme, and buffer at 23°. 
The longest time of contact between enzyme and reagents before 
the velocity was measured was <5 seconds. This procedure is 
designated as direct addition and measures the instantaneous 
effect of the metal-binding agent. (b) The enzyme was first ex- 
posed to the metal-binding agent for a specified time under 
stated conditions of pH and temperature. These were then 
added jointly to a reaction cuvette containing substrate, co- 
enzyme, and buffer. In this instance, the final concentration of 
metal-binding agent in the cuvette was ;), of that initially in 
contact with the enzyme. The enzyme concentration in the 
preincubation mixture was 30 wg. per ml. This procedure is 
designated as preincubation and measures the time-dependent 
effect of the metal-binding agent. 


RESULTS 


Instantaneous Inhibition 


Influence of Metal-binding Agents on Enzymatic Activity—The 
direct addition of sodium sulfide (1 x 10°? M), sodium azide 
(3 x 10-1 m), OP (8 X 10-* thiourea (3 107! M), diethyl- 
dithiocarbamate (3 10-? 8-hydroxyquinoline (3 x 10-* 
cupferron (3 X m), EDTA (1.7 M), Zincon (6 xX 
10-° m), and thyroxine (8 x 10-4 m) to the reaction cuvette all 
reduce the enzymatic activity of glutamic dehydrogenase (1). 
The concentrations given in parentheses are those which result 
in approximately 50 per cent inhibition. The relative activity 
as a function of the log of the concentration of the inhibitor is 
shown in Fig. 1 for three of the reagents, Zincon, 8-hydroxy- 
quinoline, and EDTA, over the range in which they could be 
studied. 

The instantaneous inhibition of glutamic dehydrogenase by 
OP is completely reversible on dilution. The degree of inhibi- 
tion is a monotonically increasing function of the inhibitor con- 
centration. In an assay mixture containing 0.8 x 10-* m OP 
the enzyme exhibits 24 per cent of the controlled activity (V;/ 
V. = 0.24). When this mixture is diluted with a solution con- 
taining all components of the system, except the inhibitor and 
enzyme, V;/V. increases. The enzyme shows 89 per cent of its 
full activity when the concentration of OP has been diluted to 
2.67 * 10-3 m. When the OP concentration is 1.33 x 10-3 m 
or 1.33 M, V:/V. becomes 1.0. These percentages are exactly 
the same as those which are obtained when 2.67 xX 10° m or 
1.33 * 10-3 m OP are added to the assay system. Thus the 
reaction between glutamic dehydrogenase and OP causing in- 
stantaneous inhibition appears to reach a rapid and freely re- 
versible equilibrium. This is equally true of the inhibition by 
8-hydroxyquinoline and EDTA, but not with diethyldithiocarba- 
mate. 

Prevention of OP Inhibition by Metal Ions—It has been shown 
previously that the instantaneous inhibition of glutamic dehy- 
drogenase is reversed by the addition of zine chloride (1). In 
addition, metal ions prevent the occurrence of the instantaneous 
inhibition by OP. The effects of the divalent cations of the 
first transition series and of magnesium on the degree of glutamic 
dehydrogenase inhibition by OP are shown in Table I. Zine 
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ions have previously been shown to inhibit the enzyme (9). With 
the exception of magnesium, all these ions form strong complexes 
with OP and partially prevent the inhibition of the enzyme by 
the agent. Copper and iron, which form the strongest complexes 
with OP, prevent inhibition maximally. Zine ions, which form 
strong complexes with OP, also prevent the inhibition of the 
enzyme by the reagent. Magnesium ions, which have little af- 
finity for OP, do not prevent the inhibition at all. 

The effects of varying added zine concentration on the OP 
inhibition of glutamic dehydrogenase is presented in Fig. 2. A 
reduction of 45 per cent in relative activity (V;/V.) is brought 
about through the addition of 6.7 x 10°? OP. Increasing con- 
centrations of zinc chloride added to OP before the addition of 
enzyme to the reaction mixture progressively prevent inactiva- 
tion. OP does not inhibit at all when the ratio of [Zn*++*]:[OP] 
is 1 to 3. Addition of zine chloride beyond this ratio again re- 
sults in inhibition, this time due to ‘the inhibiting effect of the 
zinc ion (9). Inactivation of the enzyme is complete when the 
ratio of [Zn*+*]:[OP] becomes 1 to 1 (6.7 * 10-*m ZnCl.). The 
stoichiometry of the interaction of Zn++ and OP was also ap- 
proached in the reverse direction, i.e. adding varying concentra- 


tions of OP to one inhibiting concentration of zine ions. As 
Vi 
Ve 
-4 -3 -2 


log (I)M 
Fig. 1. Inhibition of liver glutamic dehydrogenase by Zincon, 
X——X; 8-hydroxyquinoline, @——@; and EDTA, O——O. 
Direct addition; DPN — DPNH. Relative activity (V;/V-.) as 
a function of log inhibitor concentration. 


TABLE I 
Prevention of instantaneous 1,10-phenanthroline (OP) inhibition 


OP and metal ions were present in the reaction cuvette on ad- 
dition of the enzyme. The initial reaction velocity, V, the rela- 
tive activity, V;/V., and the per cent restoration of activity are 
given. 


V Vi/Ve Recovery 
% 
5.33 & 10-3m OP + 2 & 10-3 Mm Cu** 

5.33 OP +2 10°? mM Cd**. 0.079 0.77 62 
5.33 & OP + 2 X m Fe** 

5.33 10-3 OP + 2 XK 1073 Co** 

5.33 & 10-3 OP + 2 107-3 mM Ni** 

5.33 X10-3m OP +2 Mn**. 0.078 
5.33 X 10-3 m OP + 2 X m Mg** 


0.042 | 0.41 | 2 


1.0 
Vi 
0.57 
0 
-5 -4 -3 -2 


log (ZnClo)M 


Fic. 2. The effect of varying zinc concentrations on the inhibi- 
tion of glutamic dehydrogenase by 1,10-phenanthroline (OP). 
Relative activity (V;/V.) as a function of log (ZnCl.) at a con- 
stant concentration of 6.7 X 10-* m OP in the reaction cuvette. 
Direct addition; DPN — DPNH. Maximal restoration of ac- 
tivity at 2.2 X 10°? m ZnCl: or a [Zn**] to [OP] ratio of 1 to 3. 
Complete inactivation at 6.7 X 10-* m ZnCl; or a [Zn**] to [OP] 
ratio of 1to 1. Potassium phosphate buffer, pH 7.8. 


1.0 
Vi 
06.5 
Ve 
-6 -5 -4 -3 


log(OP)M 


Fic. 3. The effect of varying 1,10-phenanthroline (OP) con- 
centration on the inhibition of glutamic dehydrogenase by zinc 
ions. Relative activity (V;/V.) as a function of log (OP) at a 
constant concentration of 2.7 X 10-5 m ZnCl; in the reaction cu- 
vette. Direct addition; DPN — DPNH; potassium phosphate 
buffer, pH 7.8. Restoration of activity begins at 2.2 X 10-'m OP 
or a Zn to OP ratio of 1 tol. Optimal restoration is achieved at 
1.1 X 10-4 m OP or a Zn to OP ratio of 1 to 4. 


shown in Fig. 3 the presence of increasing concentrations of OP 
prevents the inactivation of the enzyme by 2.7 10-5 m ZnCly. 
The enzyme is fully protected at a ratio of [Zn++]:[OP] of 1 to 4 
(1.1 10-*m OP). 


Time Dependent Inhibition 


Influence of. Metal-binding Agents on Enzymatic Activity— 
Metal-binding agents also inhibit enzymatic activity when pre- 
incubated with the enzyme under suitable conditions of pH and 
temperature as shown in Table II. The preincubation of the 
enzyme with sodium sulfide, 2,3-dimercaptopropanol, sodium 
azide, OP, thiourea, diethyldithiocarbamate, disulfiram (Anta- 
buse), 8-hydroxyquinoline, cupferron, and thyroxine results in a 
reduction of enzymatic activity. The degree of inhibition varies 
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TaBLeE II 
Effect of preincubating metal-binding agents 
with glutamic dehydrogenase 

The conditions of preincubation including concentrations of 
agent, pH, and time are indicated for the relative activity, V;/V,, 
shown. The temperature of incubation was 23°. In most in- 
stances the reaction was stopped at a time when approximately 
50 per cent inhibition was achieved. Controls were treated in a 
similar fashion with omission of the metal-binding agent. The 
reaction tested was DPN — DPNH;; the back reaction was stud- 
ied for 1,10-phenanthroline and diethyldithiocarbamate and was 
inhibited to the same degree. 


pH Time 
Agent Concentration incuba- | incuba- | V;/V, 

tion tion 

hrs. 
5 X 10-3 7.5 1.0 .50 
2,3-Dimercaptopropanol..| 1X 107? 7.0 1.0 81 
5 X 107 7.0 | 72. .50 
1,10-Phenanthroline...... 2X 10° 6.5 1.0 .52 
5 X 10°: 7.0 | 16. 
Diethyldithiocarbamate. .. 1 X 10° 7.0 0.75; 
Disulfiram................ Saturated 7.0 | 60. .50 
8-Hydroxyquinoline......| 5X 10-3 7.0 | 90. 
3 xX 10-4 7.5 3.0 .20 


directly with the concentration of reagent, the temperature, and 
time of preincubation. 

Nonreversibility of Time-dependent OP Inhibition—The time- 
dependent inhibition is not reversible. Preincubation of the 
enzyme with 1.5 x 10-? m OP in phosphate buffer, pH 7.5, at 
35° for 90 minutes, results in a reduction of a relative activity, 
V./V., to 0.78. A 2-fold dilution of OP in this mixture, while 
all other components are held constant, results in a relative ac- 
tivity, Vi/V., of 0.75. Dialysis of this mixture against 500 
volumes of 0.1 m phosphate buffer overnight at 23° or for 1 hour 
at 35° does not change V;/V.. 

The addition of ZnCl, at one-third of the OP concentration to 
the dialysis sack before dialysis in order to form a complex with 
OP also does not affect the degree of inhibition. Therefore, al- 
though the instantaneous inhibition of the enzyme by OP is 
completely reversible, its inactivation is not reversible by dilu- 
tion, dialysis, or the addition of zinc ions when OP is preincubated 
with the enzyme. 


DISCUSSION 


Beef liver glutamic dehydrogenase is inhibited by metal-bind- 
ing agents, both when these are present in the enzyme mixture 
and when preincubated with the enzyme before assay. A similar 
inhibition of other metallodehydrogenases by metal-binding 
agents has been demonstrated (2, 3, 8). The inhibition of 
glutamic dehydrogenase by a number of agents forming com- 
plexes with metals has recently been confirmed in another lab- 
oratory (10). 

The considerations pertinent to the use of certain inhibitors of 
enzymatic activity to estimate the functional significance of 
metal(s) isolated with a purified enzyme system have been de- 
scribed (4). All of the metal-binding agents employed in this 
study, although varying in molecular structure and configura- 
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tion, bind zinc ions, but, as is true of other chelating agents, they 
are not specific in their capacity to form complexes with one 
specific metal. 

Free metal ions may also act as inhibitors of glutamic dehy- 
drogenase. Olson and Anfinsen (9) have shown that it is in- 
hibited by Fe++, Zn++, Hgt+, and Ag+ ions. It is presumed 
that under such conditions metal ions combine with reactive, 
negative groups in the enzyme surface which are also essential 
to activity (11). The inhibition of glutamic dehydrogenase by 
the very metal ion that is essential to the catalytic activity of 
the enzyme is not unique, since this phenomenon has been ob- 
served for a number of metalloenzymes (4). 

Added metal ions successfully compete with the enzyme zinc 
for OP, thereby preventing the inhibition of the enzyme (Table 
I). Those metals which form the tightest complexes with OP 
afford the greatest protection; magnesium which has little af- 
finity for OP does not prevent inhibition at all. Inhibition does 
not occur when the concentration of free OP is too low, 7.e. when 
practically all the chelating agent is combined with the added 
free metal ions. ‘This latter effect is demonstrated by increasing 
concentrations of ZnCl, in the presence of constant concentra- 
tions of OP (Fig. 2). The activity achieved is maximal when 
the ratio of [Zn++]:(OP] is 1:3, the maximal number of OP 
molecules that may be bound tetrahedrally by Zn++, which has 
a coordination number of 6 (12, 13). The neutralization of 
inhibitions of both Zn++ and OP through the formation of the 
Zn(OP)3 complex supports the hypothesis that the inhibition of 
enzymes by metal-binding agents is due to their capacity to 
form complexes with metal atoms which are enzymatically ac- 
tive. 

When the enzyme is exposed to metal-binding agents, two 
types of inhibition are observed similar to those noticed with 
yeast alcohol dehydrogenase (2, 3). The instantaneous inhibi- 
tion by OP and EDTA is reversible on dilution similar to the 
combination of free zinc ions with OP and EDTA. This sug- 
gests that the initial step of inhibition is the formation of a 
completely dissociable enzyme-inhibitor complex, with the in- 
hibitor bound to the enzyme, zinc, which has been demonstrated 
for liver and yeast alcohol dehydrogenase (2, 14). 

In contrast to the interaction of free metal ions with chelating 
agents, much less is known about that of metal ions integrated 
into the protein structure. Direct spectrophotometric evidence 
for a mixed complex, protein:metal:OP, has been obtained for 
horse liver alcohol dehydrogenase which contains 2 gm. atoms 
of zine per mole with OP binding to the zinc atom in situ in the 
enzyme (14). By contrast, similar experiments with carboxy- 
peptidase demonstrate that OP removes zine from this enzyme 
(15). Attempts to demonstrate spectra on the addition of OP 
to glutamic dehydrogenase were unsuccessful, since the light 
scattered by the large glutamic dehydrogenase molecule in the 
ultraviolet region precluded the precise measurements required. 
The chemical mechanism of the inhibition of the enzyme by OP 
therefore has not been susceptible to the same spectrophoto- 
metric approach. 

The capacity of metal-chelating agents to inhibit glutamic 
dehydrogenase activity is apparently due to the ability of their 
chemical groups to form a complex with the intrinsic zinc of the 
enzyme. Extrinsic metal ions may, however, be contaminants 
both of enzyme, of reagents, and water employed to study in- 
hibition. These extraneous metal ions may compete with the 
zinc atoms of the enzyme for the coordinative site of the ligand 
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thereby decreasing its effective concentration and preventing the 
agent from inhibiting enzymatic activity (Table I). Since many 
metals inhibit enzymatic activity, activation may in fact result 
(16) by their formation of complexes and removal from the 
enzyme. The inhibition of the enzyme measured in the presence 
of both metals and chelating agent is consequently less than 
would be obtained by the addition of the metal-binding agents 
alone. These circumstances all suggest that it is the metal- 
combining sites of these agents which are responsible for their 
inhibitory effects. 

The time-dependent inhibition of the enzyme by OP is ir- 
reversible by dilution, dialysis, or the addition of zinc ions. The 
irreversibility suggests a permanent alteration in the enzymatic 
site subsequent to the attachment of the metal-binding agent to 
the enzyme zinc atoms. A similar effect has also been observed 
with catecholase (17). This copper enzyme is inhibited by 
cyanide and diethyldithiocarbamate; the inhibition can be pre- 
vented by the addition of Cut+, Fett, Cot++, and Mn** ions 
simultaneous with or just after exposure of the oxidase to these 
reagents. However, the inactivation produced by continued 
exposure of the enzyme to diethyldithiocarbamate and cyanide 
could not be reversed by the addition of these metal ions. 

Calculations to determine the stoichiometry of the molecular 
events of inhibition have been proposed (18) which are based on 
the tacit assumption, among others, that the enzyme-inhibitor 
complex is fully and freely reversible. The theory predicts log 
(inhibitor) concentration against activity curves. These pre- 
dictions would not be applicable to the glutamic dehydrogenase- 
Zn-OP system since the time-dependent reaction is not reversible, 
accounting for the steep slope of the inhibition curves (Fig. 1). 
Caution might be advised in the application of such calculations 
to other systems for reasons similar to those prevailing here. 

The demonstration that inhibiting concentrations of OP (5 x 
10-3 m) can dissociate the large glutamic dehydrogenase unit of 
molecular weight 1,000,000 into subunits of 500,000 and 250,000 
demonstrates that this agent can profoundly affect the structural 
integrity of this enzyme. The reversibility of this reaction has 
not been reported. DPNH also dissociates the large unit (19). 
Similar observations with OP on yeast alcohol dehydrogenase 
have also been made (14). Zinc is apparently essential to both 
the catalytic property and the structural integrity of the enzyme. 
Further studies are required to determine whether these func- 
tions are independent or interdependent variables. 

The inhibition of glutamic dehydrogenase by OP qualitatively 
resembles that of yeast alcohol dehydrogenase (2, 3). Both the 
instantaneous, reversible, and the time-dependent, irreversible 
inhibitions with OP here reported have been noticed with yeast 
alcohol dehydrogenase (2, 3). This is in contrast to the alcohol 
dehydrogenase of horse liver with which only the instantaneous, 
reversible inhibition has been observed. Preincubation of the 
enzyme leads to no further loss of enzymatic activity. A study 
of the kinetics of the yeast aleohol dehydrogenase OP interaction 
has yielded a consistent model for the mechanism of action of 
this enzyme with respect to the zinc atoms and to the mode of 
its inhibition; some of the features of this mechanism seem to 
apply to glutamic dehydrogenase. 


SUMMARY 


Beef liver glutamic dehydrogenase is inhibited by metal-bind- 
ing agents including sodium sulfide, sodium azide, 1 , 10-phenan- 
throline, diethyldithiocarbamate, 8-hydroxyquinoline, cupferron, 
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and thyroxine. Both an instantaneous and time-dependent in- 
activation with 1,10-phenanthroline are observed. The instan- 
taneous inhibition by 1,10-phenanthroline is reversible; the 
instantaneous inhibition by diethyldithiocarbamate is not. The 
time-dependent inhibition by both these reagents is irreversible. 

The instantaneous inhibition by 1,10-phenanthroline can be 
prevented by the addition of Zn*+, Cu++, Cd*++, Fe++, Co*+, 
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Ni**, and Mn*~ to the reaction mixture. Mg++, which does 
not form a tight complex with 1,10-phenanthroline, does not 
prevent inhibition. Conversely, the inhibition of glutamic de- 
hydrogenase by zinc ions can be prevented by the addition of 
1,10-phenanthroline. The interaction between the metal of the 
enzyme and metal-binding agents is consistent with observations 
on simple chelate systems. 
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A wide variety of mammalian cells in culture have been shown 
to require thirteen amino acids for survival and growth (1-4). 
The nonessential amino acids, not supplied in the medium, are 
synthesized by the cells from other components of the medium. 
Glucose! and glutamine (5) have been shown to serve as sources 
of carbon. Since transamination is an important reaction in 
the interconversion and biosynthesis of amino acids, it became 
of interest to examine the range of transaminase systems in cul- 
tured cells. Both a human cervical carcinoma cell (strain HeLa) 
and a mouse fibroblast (strain L) are here shown to have active 
transaminating systems leading to the formation of alanine, glu- 
tamic and aspartic acids, glycine, phenylalanine, and tyrosine 
from their corresponding a-keto analogues. 


EXPERIMENTAL 


Growth and Preparation of Cell Suspensions and Cell-free Ex- 
tracts—Cultures of the HeLa cell and mouse fibroblast were 
grown as cellular layers adherent to the glass surface of 1-liter 
Blake bottles overlaid with the basal medium containing thirteen 
amino acids, eight vitamins, salts, and glucose (6). The medium 
was supplemented with 5 per cent dialyzed human serum in the 
case of the HeLa culture, and with 5 per cent dialyzed horse 
serum in the case of the L strain. 

After 5 to 7 days of incubation at 37°, the medium was de- 
canted, and the adherent cell layer washed twice with cold 
Krebs-Ringers salt solution (7) and harvested by scraping into 
the salt solution. Cell-free extracts were prepared by sonic dis- 
ruption of a 20 per cent cell suspension in 10 to 15 ml. of distilled 
water in a Raytheon 9 ke. sonic oscillator for 10 minutes, followed 
by centrifugation at 20,000 x g for 30 minutes. Such prepara- 
tions contained 15 to 20 mg. of protein per ml. and maintained 
their transaminase activity for several weeks when stored at 
—15°. The protein contents of the extracts were determined 
both by a modification of the procedure of Lowry (8) and by 
the micro-Kjeldahl method. The experiments reported here 
were carried out with these extracts, preliminary experiments 
having shown them to be more active than whole cells. 

Assay of Transaminase Actwity—The reaction mixtures con- 
tained usually 10 umoles of keto acid, 20 umoles of amino acid, 
25 ug. of crystalline pyridoxal phosphate, phosphate buffer (0.1 


*A portion of this work was presented at the Forty-eighth 
Annual Meeting of the Federation of American Societies for Ex- 


perimental Biology at Chicago. 
1H. Eagle, K. A. Piez, V. 1. Oyama, and R. Fleischman, unpub- 


lished observations. 


M) of pH 7.5 to 8.0, and 1 ml. of enzyme preparation in a total 
volume of 3 ml. After incubation for 3 hours at 37° the reaction 
was stopped by heating in a boiling water bath for 5 minutes; 
the sample was then cooled, and 0.2 ml. of 3 m acetate buffer 
(pH 4.9) was added. The precipitated protein was removed by 
centrifugation, and an aliquot of the supernatant fluid was re- 
moved for amino acid assay. Results are expressed in terms of 
umoles of amino acid formed per ml. of enzyme preparation. 

Assays of Amino Acids—Quantitative assay of amino acids 
formed was performed chromatographically as previously de- 
scribed (9). In addition, L-glutamic acid, L-glutamine, and 
L-aspartic acid were determined by measuring the CO. produced 
from the acids by decarboxylation with lyophilized Clostridium 
perfringens (10). 

Glycine was estimated colorimetrically by the method of 
Alexander et al. (11), as modified by Christensen et al. (12). 

Most of the L-amino acids used were obtained commercially 
and were tested chromatographically for purity. Crystalline 
pyridoxal phosphate was kindly provided by Drs. E. A. Peterson 
and H. A. Sober, National Cancer Institute, Bethesda, Mary- 
land. 

a-Keto acids were obtained commercially. Chromatographic 
examination of their 2,4-dinitrophenylhydrazones showed that 
they were free from other keto acids. Sodium glyoxylate was 
synthesized by a modification of the method of Metzler et al. 
(13). We are indebted to Dr. Leon Levintow, National Insti- 
tutes of Health, for samples of phenylpyruvic acid and p-hy- 
droxyphenylpyruvic acid. Isonicotinic acid hydrazide (isoni- 
azid) was a gift of Dr. Benjamin Prescott, National Institute of 
Allergy and Infectious Diseases, Bethesda, Maryland. 


RESULTS 


The ability of cell-free extracts of the HeLa cell to mediate 
the transfer of the a-amino group of 17 amino acids to pyruvate, 
oxaloacetate, a-ketoglutarate, glyoxylate, phenylpyruvate, and 
p-hydroxyphenylpyruvate is shown in Table I. Similar experi- 
ments with extracts of the mouse fibroblast are summarized in 
Table II. Glutamic acid was the most active amino donor in 
both cell lines. In contrast, threonine and cysteine were con- 
sistently either minimally active or completely inactive as amino 
donors. It is of interest that whereas the amino groups of lysine, 
histidine, and methionine were activated by the extracts derived 
from the L cells, these amino acids were relatively inactive in 
transamination mediated by extracts derived from the HeLa 
cells. NH 3 was completely inactive with both cell lines. 
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TaBLeE I 
Transaminase activity in extracts of HeLa cell 


Transamination in Tissue Culture Cells 


Amino acid formed from corresponding keto acid 
in 3 hours (umoles*) 
Amino donor 
Alanine Aspartic Glutamic) Glycine — Tyrosine 

u-Alanine........ 1.0 0.5 0 
L-Arginine........ 0.3 0 0 0 0.2 0 
L-Aspartic........ 0.6 5.3 0 0 0.1 
L-Cysteine.......| 0 0.6 0.8 0 0 0 
L-Glutamic........ 2.8 15 0.5 0.8 1.2 
L-Glutamine...... 1.3 eh 0.4 0.6 0.2 
L-Glycine......... 0.3 0 1.5 0 0 
L-Histidine....... 0 0.6 0 0 0 0 
L-Isoleucine......| 0.4 1.0 3.5 0 0 0 
L-Leucine......... 0.4 0.7 3.6 0 0 i) 
L-Lysine......... 0 0 0 0 0 0 
L-Methionine..... 0.6 0 0 0.5 0 0 
L-Phenylalanine. .| 0.2 0 0.3 0 0.4 
L-Threonine...... 0 0 0 0.1 0 0 
L-Tryptophan....| 0.3 0.9 0 0.4 0 0.8 
L-Tyrosine.......| 0.3 1.5 0.6 0 
i-vemme.........- 0.4 0 3.5 0 0.2 0 
0 0 0 0 0 0 


* Endogenous and nonenzymatic values (e.g. glyoxylate) have 
been subtracted from values given. 


TABLE II 
Transaminase activity in extracts of mouse fibroblast 
Amino acid formed from corresponding keto acid in 3 
hours (umoles* 
Amino donor 
Alanine | Aspartic Glutamic, Glycine —— Tyrosine 

-Ajanine........ 1.2 4.6 1.2 0 0.2 
L-Arginine........ 0.4 0.9 1.4 0.7 0 0.1 
L-Aspartic........ 1.0 4.9 2.0 0.2 0.6 
L-Cysteine.......| 0 0 0 0 0 0.5 
L-Glutamic....... 5.5 17.2 2.9 0.2 2.5 
L-Glutamine...... 3.7 53 2.4 0.1 0.4 
L-Glycine........| 0.4 0 0.7 0.1 0 
L-Histidine....... 0.4 0.7 0.6 0.3 0 0.1 
L-Isoleucine......} 0.3 1.8 1.5 0.6 0.1 0.4 
_ieueine........1 0.6 2.0 5.5 0.9 0 0.3 
L-Lysine......... 0.4 2.0 0 0.6 0 0 
L-Methionine.....| 0.3 0 2.6 1.0 0.4 0.2 
L-Phenylalanine..| 2.0 0.5 1.6 0 0.6 
L-Threonine...... ie 0 0.2 0 0 
L-Tryptophan....| 1.5 | 0 0.7 0.2 0.4 1.0 
L-Tyrosine.......| 0 1.2 0.3 1.6 
Roweeee.......... 2.6 1.2 4.7 0.3 1.2 0.1 
0 | 0 0 0 0 


* Endogenous and nonenzymatic values (e.g. glyoxylate) have 
been subtracted from values given. 


One of the most active transaminase systems studied was that 
catalyzing the formation of aspartic acid from oxaloacetate and 
glutamic acid. Aspartic acid is nutritionally nonessential for 
all the culture cells studied in this laboratory, and is presumably 
synthesized by the cell from oxaloacetate produced via the tri- 
carboxylic acid cycle (14). 
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Glutamine is essential for the growth of these cultures (8), 
and is used by the cells for the synthesis of both protein and 
nucleic acid (5, 15). In a purified rat liver system, Meister et 
al. (16) have shown that glutamine rather than glutamic acid 
was active in transamination. However, Tables I and II show 
that glutamic acid was 9 to 16 times more effective than gluta- 
mine as an amino donor in transamination mediated by extracts 
from the L and HeLa cells, respectively. These results suggest 
that in these systems glutamine is first deamidated (5), and the 
resulting glutamic acid transaminated with the appropriate 
a-keto acid; the rate-limiting step in transamination presumably 
is the deamidation of glutamine. 

Great variability was observed in the rates of transamination 
between different amino acids and a-keto acids (cf. Fig. 1). 
Thus, with pyruvate as the amino acceptor there were marked 
differences in rates between glutamate and isoleucine, and be- 
tween isoleucine and valine when a-ketoglutarate was employed 
as the acceptor. Similar results were obtained with HeLa ex- 
tracts. With both cell lines transamination reactions leading to 
the formation of arginine, valine, and leucine were either mini- 
mal or absent. The p isomers of the amino acids which were 


TaBLeE III 
Transamination with a-ketoglutarate and dipeptides and component 
amino acids with mouse fibroblast extract 
The reaction mixtures contained 20 ymoles of dipeptide or com- 
ponent amino acid when used singly under the same conditions 
for transaminase assay as described in text. 


Amino donor t-Glutamate formed 
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tested; i.e. D-leucine, p-glutamate, p-phenylalanine, p-alanine, 
and D-aspartic acid were completely inactive as amino donors. 
Transamination with Dipeptides—It has been shown that cer- 
tain dipeptides can substitute for their corresponding essential 
amino acids for the growth of the mouse fibroblast and the HeLa 
cell (17). Table III shows that dipeptides were not so effective 
as amino donors as the component amino acids in the formation 
of glutamate catalyzed by extracts of the L cell. The reaction 
mixtures after incubation contained the component amino acids 
of the dipeptides, indicating that the extracts contained dipep- 
tidases. It seems probable that hydrolysis of the dipeptides is 
a necessary precondition to their activity as amino donors. 
Effects of Pyridoxal Phosphate and Isoniazid—Although pyri- 
doxal phosphate has been shown to be a coenzyme of transami- 
nase (18, 19), no effect was noted upon its addition in the various 
reactions studied with dialyzed cell-free extracts of the tissue 
cells. Presumably, the pyridoxal phosphate is firmly bound to 
the apoenzyme in the enzyme preparation employed. Isoniazid, 
which has been found to inhibit a number of enzyme systems 
including transaminases in bacteria (20, 21), had little or no 
effect on the transaminases of the tissue cell extracts studied. 


DISCUSSION 


The present studies have demonstrated the formation of 
glutamic and aspartic acids, phenylalanine, glycine, tyrosine- 
and alanine from the corresponding a-keto acids by transamina, 
tion reactions mediated by cell-free extracts of a human car- 
cinoma cell and a mouse fibroblast. In growth experiments, 
when HeLa and L cells were incubated with isotopically labeled 
glucose, the nutritionally nonessential amino acids, glycine, ser- 
ine, and alanine were heavily labeled;! and with C'*-labeled 
glutamine, glutamic and aspartic acids, proline, and asparagine 
were also labeled (5). The amino group of these nutritionally 
nonessential amino acids are presumably derived from other 
amino acids via transamination, since NH; is not utilized directly 
in amino acid biosynthesis (5). It is of interest that Wood and 
Cooley (22) were able to replace five amino acids essential for 
the growth of the rat with the corresponding a-keto acids; and 
Eagle and Oyama have shown that at least six keto analogues 
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of essential amino acids will similarly support the growth of 
mammalian cell cultures.' Although certain dipeptides were 
active in transamination, this may be related to the fact that 
they were hydrolyzed under the conditions of the present experi- 
ments. 

The failure of either pyridoxal phosphate and isoniazid to 
affect the transamination reactions may reflect the fact that the 
coenzyme is so firmly bound to the apoenzyme of the cell that it 
is not readily removed by dialysis or affected by the drug. It 
has been suggested (21) the inhibition of a number of enzyme 
systems by isoniazid may be due to competition between struc- 
turally related pyridoxal and isoniazid. Meister et al. (23) have 
shown that deoxypyridoxine phosphate, a known inhibitor of 
vitamin Be, did not inhibit the apotransaminase when pyridoxal 
phosphate was firmly bound to the enzyme preparation. It is 
significant that Darnell and Levintow (24) have found that 
HeLa cells grown in vitamin B,-deficient medium nave dimin- 
ished amounts of the nonessential amino acids in their intracel- 
lular pool. 


SUMMARY 


1. Cell free extracts of both the HeLa cell and mouse fibro- 
blast form aspartic and glutamic acids, alanine, glycine, phenyl- 
alanine, and tyrosine by transamination of the corresponding 
a-keto acids with a variety of amino acids. 

2. Glutamic and aspartic acids, leucine, isoleucine, and alanine 
were most active as amino donors. Other amino acids tested 
were weak or inert. 

3. Glutamic acid was 9 to 16 times more effective than gluta- 
mine as an amino donor, and was the most active amino donor 
tested. These results suggest that glutamine may not, in fact, 
be involved in transamination until it is deamidated. 

4. Several dipeptides were found to function in transamina- 
tion reactions equally as effectively as the component amino 
acids. Since the extracts contained active dipeptidases, it is not 
clear whether the peptides per se or the constituent amino acids 
were the active compounds. 

6. Pyridoxal phosphate and isoniazid had no appreciable 
effect on the transaminases. 
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Human and animal sera contain a globulin, plasminogen, which 
in the presence of activators is rapidly converted to plasmin, a 
proteolytic enzyme active at neutral hydrogen ion concentrations. 
Activators specific for plasminogen include streptokinase and 
staphylokinase of bacterial origin, urokinase and plasma activator 
found in body fluids, and fibrinokinase derived from tissues. 
Trypsin, an activator of other enzyme systems, will activate 
plasminogen, and plasminogen may undergo spontaneous activa- 
tion. Streptokinase, urokinase, and trypsin activate plasmino- 
gen by a first order enzymatic reaction that involves the release 
of trichloroacetic acid soluble moieties (1), and spontaneous 
activation involves a similar process (2). 

Plasmin acts on a number of substrates among which are 
casein, fibrin, fibrinogen, gelatin, protamine-heparin complex, 
and certain synthetic substrates containing lysine and arginine 
esters. Arginine and lysine esters are competitive inhibitors of 
the proteolytic activity of plasmin (3) as well as of the activator 
activity of urokinase, streptokinase, and trypsin (1). Numerous 
inorganic and organic inhibitors of plasmin activity have been 
described (4, 5) and often the same substances, which include 
toxic phosphorus compounds (6) also inhibit trypsin. How- 
ever certain quaternary amines and laurylamine (5, 7), in high 
concentration, inhibit only plasmin and in low concentration 
possess the peculiar property of enhancing both the actions of 
plasmin and trypsin. 

Hitherto, because of limitations of technical method, infre- 
quent distinction has been made between plasmin inhibitors and 
inhibitors of plasminogen activation. The present communica- 
tion describes the effects of e-aminocaproic acid, a newly de- 
scribed “plasmin inhibitor” (8), as an inhibitor of plasminogen 
activation and also of plasmin. The results indicate that the 
primary action of €-aminocaproic acid is to inhibit the activa- 
' tion of plasminogen, but that it also possesses, depending upon 
its concentration, the dual property of either inhibiting or en- 
hancing the action of plasmin. 


EXPERIMENTAL 


Materials and Methods 


€-Aminocaproic Acid'\—6-Amino hexanoic acid had a melting 
point of 208° (uncorrected) and on analysis was chemically pure. 


* This work was supported by grants from the National Heart 
Institute, United States Public Health Service, Bethesda, Mary- 
land, and Lederle Laboratories Division, American Cyanamid 
Company, Pearl River, New York. 

1 Kindly supplied through Dr. J. Ruegsegger, Lederle Labora- 
tories, Pearl River, New York. 


Bovine Plasminogen—A bovine plasma Fraction III prepara- 
tion,? containing 2.35 casein units of plasminogen per mg. of 
tyrosine (see below) was used as a source of bovine plasminogen, 
Activation with streptokinase was performed in the presence 
of trace amounts of a human plasminogen preparation (0.02 
casein units per casein unit of bovine plasminogen). 

Human Plasminogen—This was prepared by Kline’s modifica- 
tion (9) of Christensen and Smith’s (10) procedure from human 
plasma Fraction III.4 The plasminogen preparations contained 
100 to 150 casein units per mg. of tyrosine. These preparations 
have been characterized (11). 

Human Plasmin—Human plasmin was prepared by _ spon- 
taneous activation of human plasminogen (100 casein units per 
mg. of tyrosine) in 50 per cent glycerol (2). The activity of this 
preparation was 80 casein units per mg. of tyrosine. 

Trypsin‘—This was a salt free preparation crystallized two 
times. 

Urokinase>—This contained 5100 Ploug units per mg. dry 
weight (12). 

Fibrinokinase—Prepared by the method of Astrup and Stern- 
dorff (13) this preparation, by the fibrin plate assay, showed an 
activity comparable to a urokinase solution containing 5.25 
Ploug units per ml. or 84 Ploug units per mg. of tyrosine. 

Streptokinase'—A highly purified preparation which was bio- 
physically homogeneous was used. It contained 600 strepto- 
kinase units per mg. of nitrogen. 

Phosphate Bu ffer—At 0.1 M, pH 7.6, this buffer was used in 
the assay procedures unless otherwise indicated. 

Proteolytic Activity—Such activity was determined by a modi- 
fication of the Remmert and Cohen (14) casein assay. Modi- 
fication of the substrate concentration gave superior reproduci- 
bility. The casein® concentration in the digestion mixture was 
2 per cent instead of the customary 4 per cent. <A unit of ac- 
tivity released 180 yg. of tyrosine per hour; thus our unit is ap- 
proximately 50 per cent of that originally described. Plasmino- 
gen was converted to plasmin by streptokinase, 1000 units per 
ml., a sufficiently large amount to insure almost instantaneous 
activation, and the plasmin was assayed by the same method. 

Fibrin Plate Test—The fibrin plate assay (15) was modified so 


2 Armour Research Division, Chicago, Illinois. 

’ Human plasma Fraction III was obtained from E. R. Squibb 
and Sons through the courtesy of the American Red Cross. 

4 Worthington Biochemical Corporation, Freehold, New Jersey. 

§’ Obtained through the courtesy of Dr. J. Ploug, Leo Pharma- 
ceuticals, Copenhagen, Denmark. 


6 Hammarsten quality casein, Nutritional Biochemicals, Cleve- 
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that a 0.2 per cent solution of bovine fibrinogen’ was used. The 
fibrinogen was contaminated with bovine plasminogen, thereby 
rendering the fibrin plate susceptible to the action of plasminogen 
activators; this system has been widely used for the assay of 
plasminogen activators (16). The product of two perpendicular 
diameters of the lysed zone was used as a measure of proteolytic 
or activator activity, but the lysed area is not directly propor- 
tional to the amount of enzyme employed. A linear relation- 
ship is seen when the logarithm of the enzyme concentration is 
plotted against the logarithm of the activity (17). 

Streptokinase cannot be directly assayed on bovine plasmino- 
gen, since bovine plasminogen preparations do not contain pro- 
activator (16, 18). Before the assay of the streptokinase solu- 
tions they were mixed with 0.01 casein unit of human plasminogen 
per ml. to supply proactivator (this trace amount of added plas- 
minogen was insufficient to affect the plate assay, which at its 
lower limit is sensitive to 0.1 casein unit of plasmin per ml.). 

Kinetic Studies in Presence of €-Aminocaproic Acid—Studies 
on the activation of plasminogen in the presence of €-amino- 
eaproic acid involved the determination of the amount of plasmin 
activated in a given period of time. eAminocaproic acid and 
the activator being studied interfered with the plasmin assay 
and had to be removed before assay. The activation reaction 
was stopped by lowering the pH in the activation mixture to 2.0 
at which pH plasmin is stable. The e-aminocaproic acid was 
removed by dialysis in the cold against 0.01 N hydrochloric acid. 
The activator was removed or denatured by precipitation of the 
plasmin with 1 m sodium chloride at pH 2.0 (18), and the washed 
precipitate was dissolved in distilled water and then assayed. 

Determination of Esterase Activity—This was done by the hy- 
drolysis of benzoyl arginine methy! ester (3). Of the material 
to be assayed, 0.2 ml. was added to 0.2 ml. of buffer plus 6 ml. 
of benzoyl arginine methyl] ester (0.5 mg. per ml. in phosphate 
buffer, 0.05 m, pH 7.6). After 2 minutes and 32 minutes of 
incubation at 37°, 3-ml. specimens of the digestion mixture were 
withdrawn and immediately added to 0.1 ml. of 10 per cent acetic 
acid, thus stopping the digestion process by lowering the pH. 
The optical density of the 32-minute specimen was read in the 
Beckman spectrophotometer at wave length 258 muy, (19) with 
the 2-minute specimen used as blank value. Plasminogen was 
assaved after conversion to plasmin. 


RESULTS 


Inhibition of Plasminogen Activation by €-Aminocaprotc Acid— 
Fig. 1 shows that €aminocaproic acid inhibited the enzymatic 
process (1) involved in plasminogen activation by streptokinase 
rather than the proteolytic activity of plasmin itself. The ex- 
perimental conditions were bovine plasminogen, 3.2 casein units 
per ml.; streptokinase, 1000 units per ml.; and trace amounts of 
human plasminogen to provide proactivator. In one series, 
varying concentrations of €é-aminocaproic acid were added at the 
start of the activation period (30 minutes at 37°), and in the 
other series eaminocaproic acid was added at the end of the ac- 


7 Armour Laboratories, Kankakee, Illinois. 

’ Some batches of fibrinogen clotted poorly and partially dis- 
integrated during the incubation period. This difficulty was over- 
come by dissolving the fibrinogen in borate buffer (0.1 mM, pH 8.0) 
containing calcium chloride (0.14 per cent) and dextran (1.2 per 
cent). Plates prepared in this manner were stable and exhibited 
greater sensitivity than those prepared by the original technique. 
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BOVINE PLASMINOGEN ACTIVATED WITH SK + 
COFACTOR €-AMINO CAPROIC ACID ADDED BEFORE 
AND AFTER ACTIVATION. 
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CONCENTRATION OF €-AMINO CAPROIC ACID 


Fic. 1. The ordinate indicates per cent inhibition of the con- 
trol assay value and the abscissa, the concentration of «-amino- 
caproic acid plotted on a logarithmic scale. The effect of ¢-ami- 
nocaproic acid was to inhibit the activation process without 
significant inhibition of plasmin. SK, streptokinase. 


tivation period and immediately before plasmin assay. The 
results in Fig. 1 and in later figures have been expressed as per- 
centage inhibition of control activity. 

The addition of €aminocaproic acid, at the end of the activa- 
tion period, did not affect the assay values for plasmin® (bottom 
line of Fig. 1), but its addition at the start of the activation period 
caused an inhibition of the activation process, the degree of which 
was a function of the added eaminocaproic acid concentration 
(top line of Fig. 1). Precisely similar findings were recorded in 
another experiment, in which human plasminogen was sub- 
stituted for bovine plasminogen. 

Fibrin Plate Assay—The effect of €-aminocaproic acid upon 
trypsin and plasmin and upon the plasminogen activators, strep- 
tokinase, fibrinokinase, and urokinase, was studied by means of 
the fibrin plate test. The respective enzyme concentrations 
were adjusted to give, in the absence of eaminocaproic acid, 
roughly similar zones of plate lysis. Fig. 2 demonstrates the 
degree of inhibition of each enzyme (in per cent) plotted against 
the concentrations of added eaminocaproic acid. 

Concentrations of eaminocaproic acid which inhibited the 
three plasminogen activators had little or no effect on plasmin 
and trypsin activities. There was a 60-fold difference between 
the concentrations of €-aminocaproic acid causing 50 per cent 
inhibition in the two test systems, the figures being 0.5 m for 
trypsin and approximately 0.008 m for the activators. 

Kinetics of Inhibition of Proteolytic Actiwity—The kinetics of 
the inhibition of the proteolytic activity of plasmin by eamuino- 
caproic acid were studied, with casein as a substrate. Fig. 3 
shows the inhibition of plasmin activity (0.49 casein unit per ml. 
in digestion mixture) at two concentrations of €-aminocaproic 
acid. The casein concentration was varied 7-fold. The data 
are plotted with the reciprocal of the substrate concentration 


* The ineffectiveness of «-aminocaproic acid as a plasmin in- 
hibitor, in the concentrations shown in Fig. 1, was due in part to 
the 5-fold dilution of the activation mixture made for assay pur- 
poses. 
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Fic. 2. Fibrin plate assays. The concentrations of materials 
tested were adjusted to give equal zones of lysis in the absence of 
e-aminocaproic acid. Marked differences are apparent between 
the inhibitory effect exerted by e-aminocaproic acid on strepto- 
kinase (SK), fibrinokinase (FK), and urokinase (UK) on the one 
hand and plasmin and trypsin on the other. 


INHIBITION OF PLASMIN ACTIVITY BY € -AMINO 
CAPROIC ACID. 
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Fic. 3. Noncompetitive inhibition of plasmin activity by e- 
aminocaproic acid demonstrated on a Lineweaver-Burk plot. 
The highest casein concentration in the digestion mixture was 2 
per cent, containing 1.1 mg. of tyrosine per ml. Substrate con- 
centration (S) is expressed as mg. of casein tyrosine per ml. of 
digestion mixture, since the assay procedure used determined 
tvrosine rather than casein concentration. 


as abscissa, and the reciprocal of the reaction velocity as ordinate 
as suggested by Lineweaver and Burk (20). The double re- 
ciprocal plot revealed that eaminocaproic acid inhibited the 
proteolytic activity of plasmin in a noncompetitive fashion. 

Similar observations were made with trypsin used in place of 
plasmin. The final concentration of trypsin in the digestion 
mixture was 2 wg. per ml.; the noncompetitive inhibition of the 
proteolytic activity of trypsin by eaminocaproic acid is il- 
lustrated in the double reciprocal plot in Fig. 4. 

Kinetics of Inhibition of Activator Activity—e-Aminocaproic 
acid inhibited the activation of plasminogen by urokinase (Fig. 
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INHIBITION OF TRYPSIN ACTIVITY BY 
E-AMINO CAPROIC ACID 
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Fic. 4. Noncompetitive inhibition of trypsin activity by e- 
aminocaproic acid demonstrated on a Lineweaver-Burk plot. § 
is expressed in terms of tyrosine for the reasons noted in Fig. 3. 


THE INHIBITORY ACTION OF &-AMINO CAPROIC ACID 
UPON PLASMINOGEN ACTIVATION 
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Fic. 5. Lineweaver-Burk plots demonstrating that the in- 
hibitory action of e-aminocaproic acid upon urokinase and strepto- 
kinase was competitive in nature. CAS. U., casein units. 


5A). The highest plasminogen concentration was 22 casein 
units per ml., and the concentration was varied 7-fold. The 
plasmin formed was assayed by casein hydrolysis after removal 
of €-aminocaproic acid and urokinase, and complete recovery of 
plasminogen and plasmin was demonstrated by tyrosine assays. 
The results plotted in the double reciprocal manner fulfill the 
Lineweaver-Burk criteria for competitive inhibition. 

Fig. 5B illustrates a precisely similar experiment except that 
streptokinase was used as an activator. The plasminogen con- 
centration in this experiment varied from 6 to 48 casein units 
per ml. and the streptokinase concentration was 50 units per ml. 
The results, presented in a double reciprocal plot, show that the 
€-aminocaproic acid inhibited plasminogen activation by strep- 
tokinase in a competitive manner. 

Because of technical reasons the plasminogen concentrations 
in the latter two experiments were high, and since eaminocaproic 
acid was a competitive inhibitor, a correspondingly high in- 
hibitor concentration had to be used in order to demonstrate 
the inhibitory action. However, complete inhibition resulted 
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with lower concentrations of €-aminocaproic acid when lower 
concentrations of plasminogen and activator were used (Fig. 2). 

The demonstration that tryptic activity as measured by pro- 
teolytic assay was inhibited noncompetitively by eaminocaproic 
acid (Fig. 4) strongly suggested that e-aminocaproic acid would 
inhibit the activation of plasminogen by trypsin in a similar 
fashion. The data illustrated in Fig. 6 provide confirmation of 
this hypothesis. It was impracticable to test the activator 
properties of plasmin in this manner, since the activation reac- 
tion proceeds so slowly that reliable kinetic data cannot be ob- 
tained. Nevertheless, since plasmin activity, measured by 
proteolytic assay, was inhibited noncompetitively by ¢-amino- 
caproic acid (Fig. 3), there can be little doubt that a similar 
relationship would hold for plasmin activator activity. 

Enhancing Effect of €-Aminocaproic Acid on Proteolytic Ac- 
tivity—The experiments thus far described have revealed that 
¢-aminocaproic acid, in concentrations exceeding 0.03 mM, acted 
as a noncompetitive inhibitor of the proteolytic activities of 
trypsin and plasmin. However, there were indications that 
é-aminocaproic acid in certain lower concentrations would in- 
crease the plasmin activity above that found in the control solu- 
tion containing no ¢€-aminocaproic acid. Plasmin assays were 
made in the presence of varying concentrations of e-aminocaproic 
acid with three different substrates: casein, fibrin, and benzoyl 
arginine methyl ester. The plasmin concentration was 2.4 
casein units per ml., and the e-aminocaproic acid concentration 
was varied from 5 & 10-4 m to 2 M; in the actual digestion mix- 
ture the e-aminocaproic acid concentration was varied from 
1.6 < 10-5 to 1 M, the dilution depending upon the assay sys- 
tem. The results are presented in Fig. 7, where the increase 
(or decrease) in activity (measured in per cent of the control 
value) is plotted against the e-aminocaproic acid concentration 
in the digestion mixture. 

With all three substrates enhanced proteolytic activity was 
demonstrated with a peak value at an €-aminocaproic acid con- 
centration of 10-? m. The peak percentage of enhancement was 
approximately the same for each substrate, and the range over 
which an increase was found was roughly the same for benzoyl 
arginine methyl ester and casein. The range of €-aminocaproic 
acid concentrations which caused increased proteolysis on the 
fibrin plate was somewhat narrower than for casein and benzoy] 
arginine methy! ester, but here the true concentration of the 
enzyme-e-aminocaproic acid mixture varied, since the lysed 
area increased during the incubation period, thus diluting the 
solution which was being assayed. 

Effect on Solubility of Plasminogen and Plasmin—An incidental 
observation was made in the course of this investigation, namely, 
that addition of ¢-aminocaproic acid increased the solubility of 
plasminogen and plasmin.!° Ordinarily plasminogen prepared by 
acid extraction, and plasmin prepared from this plasminogen, 
were but sparingly soluble at neutral pH, but when ¢-amino- 
caproic acid was present in the solvent, even in low concentra- 
tions, plasminogen and plasmin formed a clear solution. It was 
also noted that when precipitation of plasminogen or plasmin by 
1 ma NaCl at pH 2.0 was attempted, an €-aminocaproic acid con- 
centration of as little as 0.01 m was sufficient to prevent complete 
precipitation. ¢-Aminocaproic acid also increased the solubility 
effect on casein in the presence of 5 per cent trichloroacetic acid. 

10°F, B. Ablondi and J. J. Hagan (personal communication) 


have made similar observations with regard to lysine and certain 
other basic amino acids. 
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THE INHIBITORY ACTION OF &-AMINO CAPROIC 
ACID UPON PLASMINOGEN ACTIVATION 
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Fic. 6. A Lineweaver-Burk plot illustrating that the inhibi- 
tory effect of e-aminocaproic acid upon the activation of plasmino- 
gen by trypsin is noncompetitive in nature. Cas. U., casein 
units. 
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Fic. 7. e-Aminocaproic acid in low concentration enhances the 
action of plasmin upon benzoy! arginine methyl ester (BAMe), 
casein and fibrin (plate test). 


This effect was not seen when the concentration of ¢-amino- 
caproic acid was 0.2 M or less; however, at higher concentrations, 
prior dilution of the solution allowed for complete precipitation. 


DISCUSSION 


Numerous substances have been described as inhibitors of 
plasmin (3-7), but in most instances no distinction has been made 
between inhibition of the enzyme itself and inhibition of the ac- 
tivation process. Such a distinction is now possible because of 


- advances in purification of the enzyme and its precursor, increas- 


ing knowledge of the activation process, and a better under- 
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standing of the effects of plasmin and plasminogen activators on 
their substrates. 

It was originally claimed that eaminocaproic acid in low con- 
centrations was a powerful inhibitor of plasmin activity (8). 
However the present studies reveal that the action of eamino- 
caproic acid on the plasminogen-plasmin system is complex and 
that although one of its actions is to inhibit plasmin, its effect 
upon the activation process is the more striking. These studies 
suggest that previous descriptions of plasmin inhibitors may have 
been incomplete, and particularly that the quaternary amines 
and laurylamine, which exhibit properties apparently similar to 
those of eaminocaproic acid, may also exert their primary effect 
upon the activation process (5,7). Indeed a review of analytical 
methods used in these publications in the light of more recent 
findings would suggest that these experiments would be better 
interpreted as illustrating inhibition of plasminogen activation 
rather than inhibition of plasmin action. Support for this view 
is given by the observation by Bjerrehuus (21) who found that 
the quaternary amines apparently inhibited urokinase. 

The mechanism for the enhanced activity of plasmin observed 
with certain concentrations of €-aminocaproic acid is obscure. 
It is unlikely that the solvent action of eaminocaproic acid upon 
plasmin or some of its substrates will account for this phenom- 
enon, since quaternary amines in similar concentration (107? 
mM) have been observed to enhance the activity of highly soluble 
plasmin (7), and the effect was seen with three substrates of 
different type and solubility characteristics. 

It has recently been reported (22) that cholinesterase has in- 
creased activity in the presence of short chain quaternary 
amines. Since it is accepted that plasma cholinesterase has an 
anionic site and an esteratic site, the authors speculated that 
the mechanism involved the attraction of the quaternary amine 
to the anionic site, and the consequent attachment of the sub- 
strate to the esteratic site. As with plasmin at higher concentra- 
tions, the quaternary amines inhibited the enzyme activity (23), 
a finding perhaps due to blocking because of the proximity of 
the esteratic and anionic sites. Noteworthy in this connection 
is the failure of longer chain quaternary amines to enhance 
cholinesterase activity. Although we lack similar information 
concerning the structure of plasmin, analogous mechanisms may 
be invoked to explain our findings. 

Differences exist on a temporal basis between the actions of 
urokinase and streptokinase on the one hand and trypsin on the 
other. The first two activators will, under suitable conditions, 
cause complete activation of plasminogen within a few minutes, 
whereas activation by trypsin is a process requiring hours. In 
this respect activation by trypsin is comparable to the auto- 
catalytic activation of plasminogen itself, although this latter 
mode of-activation is even slower than with trypsin. These 
temporal differences have suggested that activation may take 
place in at least two ways, a suggestion supported by the fact 
that study of trypsin activation or autocatalytic activation re- 
quires the use of a stabilizing agent of which glycerol has been 
the most useful (2). In previous communications (1, 2) we have 
reported that the activation of plasminogen occurs by conse- 
quence of the release of trichloroacetic acid-soluble moieties, 
and that it appeared that the amounts of such moieties released 
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varied with the mode of activation. Biophysical evidence (11) 
tended to support this finding. Thus it is not surprising that 
an apparently specific inhibitor of the plasminogen activation 
process should exert a predominant effect upon one class of 
activators rather than upon the other. Urokinase and strep- 
tokinase are both inhibited competitively and at low €amino- 
caproic acid concentration (under the conditions customarily 
used); however, trypsin and plasmin (the ‘activator’ present 
during the autocatalytic process) are inhibited noncompetitively 
and at high e-aminocaproic acid concentrations. These findings 
are held to confirm our former suggestion that at least two kinds 
of active plasmin molecules exist, showing probably identical 
biochemical activity, but differing molecular sizes. Analogous 
findings have been reported with regard to the activation of 
prothrombin, which results in molecules of similar biological ac- 
tivity and varying molecular weight (24). 

It has been previously reported (18, 25) that lysine and orni- 
thine serve, respectively, to inhibit the activation of plasminogen 
by streptokinase and by the plasma activator obtained from 
human corpses after sudden death from anoxemia. The observa- 
tion that e€-aminocaproic acid (lysine without the a-amino group) 
suppresses competitively plasminogen activation by specific ac- 
tivators (streptokinase, urokinase, and tissue activator) raises 
considerations concerning the structural requirements involved 
in the activation site, also with respect to the development of 
additional competitive inhibitors. 

The clear differences existing between the modes of inhibition 
produced by eaminocaproic acid upon activators and upon plas- 
min can be turned to practical use. Where, as in plasma and 
serum, both activities may occur together, the use of ¢€-amino- 
caproic acid to inhibit plasminogen activator at concentrations 
insufficient to affect plasmin activity, permits differentiation of 
their separate effects." 


SUMMARY 

1. e-Aminocaproic acid competitively inhibited the activation 
of human or bovine plasminogen by streptokinase, urokinase, 
and probably fibrinokinase, but inhibited plasminogen activa- 
tion by trypsin noncompetitively. 

2. e-Aminocaproie acid in concentrations exceeding 0.06 M was 
a noncompetitive inhibitor of the proteolytic activities shown by 
plasmin or trypsin. In lower concentrations it enhanced the 
proteolytic action of plasmin. 

3. The results support the view that plasminogen activation 
may occur by two mechanisms yielding plasmins with similar 
biochemical activities but of different molecular size. 


Addendum—In a recent communication to the American 
Chemical Society (“Streptokinase activation of plasminogen: 
species specificity and inhibition by €aminocaproic acid,” 
Chicago, September 1958), F. B. Ablondi and J. J. Hagan have 
independently studied the inhibitory effect of eaminocaproic 
acid on plasminogen activation. Their results (personal com- 
munication) are qualitatively in agreement with our own. 


uN. Alkjaersig, A. P. Fletcher, and S. Sherry, submitted for 


publication. 
128. Sherry, R. I. Lindemeyer, A. P. Fletcher, and N. Alkjaersig, 


submitted for publication. 
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Properdin: Preparation from Plasma Fraction I 


of the Cohn Method* 


DANIEL S. Spicer, Lois I. Priester, Epwarp V. C. SMITH, AND BENJAMIN E. SANDERS 


From the Merck Institute for Therapeutic Research, West Point, Pennsylvania 


(Received for publication, October 31, 1958) 


Pillemer et al. (1) have shown that normal human and other 
mammalian serums contain a trace protein which has been called 
properdin. Properdin, in conjunction with complement and 
Mg**, participates in the natural defense mechanism of blood 
(2). 

Pillemer et al. (1) have described a method for preparing pro- 
perdin from serum. This method employs zymosan to adsorb the 
properdin, the trace protein being eluted with high ionic strength 
(u = 0.6) saline. This method has been modified by Pennell 
et al. (3), starting with plasma obtained from either acid-citrate- 
dextrose or resin-collected blood. 

Rothstein and Pennell (4) have reported the purification of 
properdin from Fraction I eliminating the use of zymosan. 
Pondman and Prins (5) have obtained purified properdin from 
serum utilizing ion-exchange techniques. 

In an effort to prepare large quantities of purified properdin 
for clinical evaluation, a number of fractions obtained from the 
Cohn cold ethanol process (6) were investigated. During our 
work with these fractions, we were informed by the Protein 
Foundation Laboratories that they had found properdin activity 
in Cohn’s Fraction J. This observation was confirmed here and 
Fraction I has indeed proven to be a rich source of properdin (7). 

In these laboratories a glycine-citrate buffer extraction step is 
employed to purify the fibrinogen in Fraction I. Considerable 
properdin activity was found in this extract and when purified 
by the methods described in this paper, the glycine-citrate buffer 
extract yielded high potency properdin. 


EXPERIMENTAL 


Methods and Materials 


The zymosan assay method of Pillemer et al. (8) was used to 
determine the properdin content of the fractions reported here. 
Aliquots for assay were frozen immediately and maintained at 
— 20°, then shipped in dry ice via air freight to Mr. Earl Todd at 

festern Reserve University. All values reported here have been 
determined by Mr. Todd. 

A normal human serum was frozen in 2-ml. aliquots and stored 
at —20°. A vial of this control serum was frequently submitted 
for properdin assay under a coded label. No significant varia- 
tions in properdin levels were reported over an 8-month period 
for this serum. 

All nitrogen values reported here have been obtained by the 
semimicro-Kjeldah| method and have been corrected for nonpro- 
tein nitrogen content. 


* Presented in part at the annual meeting, Federation of Ameri- 
can Societies for Experimental Biology, Philadelphia, March 1958. 


Fraction I was obtained from citrated normal human plasma 
by the method of Cohn et al. (6). The yields of Fraction I aver- 
aged about 4.2 kg. from 300 1. of citrated plasma. 

The glycine-citrate buffer utilized to extract the properdin from 
Fraction I was similar to the buffer employed by Blombiack and 
Blomback (9) for the purification of fibrinogen. The composi- 
tion of the buffer used here consisted of 0.0055 m sodium citrate, 
0.233 m sodium chloride, 0.058 m sodium acetate, 1.0 mM glycine, 
and 7 per cent ethanol. The final solution was adjusted to pH 
6.0 with 1 N acetic acid. 

The yields of all precipitates obtained here are reported as wet 
weights and are used as such. 

Extraction—Fraction I was suspended in 10 volumes (weight 
per volume) of cold (—3°) glycine-citrate buffer with the aid of 
a Waring Blendor. The resulting suspension was then stirred 
for 2 hours at —3° and the fibrinogen removed by low tempera- 
ture (—3°) centrifugation. 

The supernatant liquid was stored at —5° for 3 to 5 days in 
order to precipitate a fibrinogen-like material which contained 
little, if any, properdin activity. This precipitate was discarded 
after removal by centrifugation at —5°. 

Zinc Precipitation—A properdin-rich fraction was precipitated 
from the supernatant liquid just described by raising the tempera- 
ture of the solution to 2° and then adding sufficient 1.0 m zine 
acetate to make the final solution 0.02 m in zine (20 ml. per |.). 
The zine acetate solution was added slowly with vigorous stirring 
and the final solution then stored at 2° for 18 hours. 

After storage at 2°, the zinc-protein precipitate was collected 
by centrifugation at the same temperature and dissolved in 5 vol- 
umes (weight per volume) of 0.25 m ethylenediaminetetraacetic 
acid which had been adjusted to pH 7.4. Approximately 0.5 
hour of mechanical stirring at room temperature was necessary 
to accomplish this. This solution was then dialyzed against 
0.15 m sodium chloride at 2° to remove most of the zinc and ethy]- 
enediaminetetraacetic acid. Two changes of 50 volumes each of 
saline were used over a 72-hour period. 

Removal of Inert Proteins with Tetrametaphosphate—The dia- 
lyzed solution was further purified by adding a 10 per cent solu- 
tion of sodium tetrametaphosphate (Cyclophos)! (10) to give a 
final concentration of 1 per cent (weight per volume), followed 
by a pH adjustment to 4.2 with 5 per cent HCl. Considerable 
inert material precipitated and the solution was placed at 2° over- 
night to insure completeness of precipitation. After 18 hours at 
2° the precipitate was removed by centrifugation. Occasionally 
the supernatant liquid gave assay results indicating a 50 per cent 


' Available under the trade name “Cyclophos”’ from the Victor 
Chemical Works, Chicago, Illinois. 
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loss, but on ethanol precipitation assay values repeatedly indi- 
cated essentially all of the activity had remained in the tetrameta- 
phosphate supernatant liquid. More recently Nitschmann et al. 
(11) have used polymetaphosphates to fractionate human plasma 
proteins. 

Ethanol Precipitation—Properdin of a still higher purity and 
in a more concentrated and usable form was obtained by ethanol 
precipitation. This was accomplished by first adjusting the pH 
of the tetrametaphosphate supernatant liquid to 6.8 by the addi- 
tion of 1 mM NaHCQOs;. An equal volume of cold (2°) distilled 
water was then added and the resulting solution cooled to the 
freezing point. After the formation of a light slush, 50 per cent 
ethanol (precooled to —20°) was added slowly with vigorous stir- 
ring until the final ethanol concentration reached 20 per cent by 
volume. The temperature of the solution was not permitted to 
exceed 0° during the ethanol addition. The ethanolic solution 
was then permitted to stand overnight at —5°. On the follow- 
ing morning (18 hours), the precipitated properdin was collected 
by low temperature (—5°) centrifugation. 

Since the presence of ethanol is undesirable for experiments 
in vivo, the 20 per cent ethanol precipitate was usually suspended 
in 100 to 200 ml. of cold distilled water and lyophilized. After 
drying, the lyophilized powder, or in some cases the ethanol paste, 
was dissolved in a volume of cold saline-phosphate buffer (0.15 m 
NaCl, 0.05 m PO,, pH 7.4) equivalent to 10 to 20 times the weight 
(weight per volume) of the ethanol precipitate. This solution 
was then clarified by centrifugation at 2° and the supernatant 
liquid containing the properdin decanted. 

Sterile properdin solutions have been prepared by filtration of 
this saline-phosphate solution through a sterile Republic S-6 pad.? 
Some loss in activity has been seen, although essentially no dif- 
ficulties have been encountered in preparing sterile, nontoxic, 
pyrogen-free solutions of properdin by the methods just de- 
scribed. 

Additional Purification—Properdin of a still higher purity was 
obtained by subjecting the final solution described above (before 
sterile filtration) to a second treatment with sodium tetrameta- 
phosphate followed by ethanol precipitation in identical fashion 
as applied to the dialyzed ethylenediametetraacetic acid solution. 


RESULTS AND DISCUSSION 


The process just described has been easily reproduced and has 
given uniform results with typical values as shown in Table I. 
Only a few properdin preparations were continued through the 
second tetrametaphosphate step. Table II illustrates the yields 
and specific activities obtained when tetrametaphosphate is em- 
ployed a second time. 

Stability—Purified properdin solutions obtained from Fraction 
I have exhibited no gross instability when stored at low tempera- 
tures (2°) forseveral days. Frozen (—20°) solutions have main- 
tained full potency for weeks. Heating at 56° for 30 minutes, 
however, destroys essentially all activity. 

Tozxicity—The acute intravenous LD 5 in mice of one properdin 
preparation was greater than 3000 units per kg.* The same 
preparation has been given intravenously to human patients in 
quantities as high as 4000 units per kg. of body weight over a 2- 
hour period with no visible signs of toxicity.‘ 

> Republic Seitz Filter Corporation, 17 Stone Street, Newark, 
New Jersey. 

3 Samuel McKinney and Harold M. Peck, unpublished observa- 


tions (1957). 
‘Chester M. Southam, unpublished observations (1958). 
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TABLE I 
Purification of properdin 
Volume Total 
Fraction and/or Properdin | Properdin properdin 
weight units 
untis/ml. 
Citrated human | 
Zine precipitate. ..... 358 gm. 
Dialyzed ethylenedi- 
aminetetraacetic 
acid solution......./ 3.381. | 100 57.2 | 3.38 X 105 
Tetrametaphosphate | 
supernatant liquid... 3.461. | 50 290 1.73 X 105 
20 per cent alcohol | 
precipitate......... 10 gm. 2000 826 2.88 105 
(144 | 
ml.) | 
TaBLe II 
Second purification of properdin with tetrametaphosphate 
Fraction Volume Properdin Properdin 
ml. units/ml, 
20 per cent alcohol 
precipitate......... 50.0 2000 $26 1 X 105 
Tetrametaphosphate | 
supernatant liquid... 53.0 1750 1540 0.93 105 
Tetrametaphosphate 
precipitate......... 23 .6 100 110 = 0.024 X 105 
TaBLeE III 
Ultracentrifugal analysis of properdin 
Component 5°20, w Per cent 
1 1.54 26 
2,3 | 6.0 70 
4 | 18.1 4 


Purity—The specific activities of properdin preparations de- 
rived from Fraction I have been equal to or greater than those of 
preparations obtained in these laboratories by the zymosan 
method of Pillemer et al. (1). 

In the analytical ultracentrifuge® (Spinco model E), properdin 
isolated from Fraction I revealed the presence of four components 
when examined in saline-phosphate buffer at pH 7.4 (Table III). 
Pillemer (12) has indicated that native properdin is an extremely 
high molecular weight substance (24 to 30S). The amount of 
such high molecular weight material in properdin from Frac- 
tion I is very small and preliminary preparative ultracentrifuge 
experiments have associated the greater portion of the activity 
with components 2 and 3 (5 to68). Isliker® has essentially con- 
firmed Pillemer’s observations with native properdin in human 
serum and with zymosan-prepared material. However, Isliker 
has observed the dissociation of these large molecules when ex- 
posed to cysteamine to give over 90 per cent of a component with 
a sedimentation coefficient of 6S. 

It is quite possible that properdin from Fraction I has under- 


’ Analysis by Dr. Donald Williams. 
6H. C. Isliker, personal communication (1958). 
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gone a dissociation during ethanol fractionation as suggested by 
Isliker. 
SUMMARY 


Properdin activity has been found in Fraction I of plasma 
separated by the Cohn cold ethanol method. A procedure for 


Properdin 
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preparing highly purified properdin from Fraction I has been 
described. The probability that this properdin is a dissociation 
product of native properdin has been indicated. Properdin ac- 
tivity has been purified over 2000-fold, assuming that the origi- 
nal plasma contained 8 units of properdin per ml., or 0.7 unit per 
mg. of protein nitrogen. 
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The Synthesis and Some Properties of Amino Acyl Adenylates* 


Kivie Moupave, PAuL CASTELFRANCO,T AND ALTON MEISTER 


From the Department of Biochemistry, Tufts University School of Medicine, Boston, Massachusetts 


(Received for publication; October 31, 1958) 


Recent investigations have provided evidence for the en- 
zvmatic activation of amino acids according to the following 
scheme in which an enzyme-bound amino acyl adenylate is 
formed by reaction of amino acid, adenosine 5/-triphosphate, 
and a specific amino acid activating enzyme: 


Amino acid + ATP + enzyme = 
enzyme-amino acyl adenylate + pyrophosphate (1) 


This reaction is analogous to that catalyzed by the acetate ac- 
tivating system (2) and is consistent with observations of amino 
acid-dependent enzymatic pyrophosphate-adenosine 5’-triphos- 
phate exchange (3-5). Studies in several laboratories (6-11) 
have provided evidence supporting the enzymatic formation of 
amino acyl adenylates. Direct evidence for the enzymatic for- 
mation of such anhydrides has been obtained in this laboratory 
bv Karasek et al. (12), who isolated a compound with the prop- 
erties of tryptophanyl adenylate from an enzymatic reaction 
mixture; independent experiments of a similar nature (13-15) 
also support the concept that amino acyl adenylates are formed 
according to Reaction 1. It is possible that such anhydrides 
occur and react only in an enzyme-bound form, and are there- 
fore not in equilibrium with an external source of anhydride. 
However, under appropriate conditions, several synthetic acyl 
adenylates have been found to be enzymatically active, e.g. 
acetyl adenylate (2), hexanoy! adenylate (16), propionyl adeny]- 
ate (17), phenylacetyl adenylate (18), benzoyl adenylate (18, 
19), amino acyl adenylates (10-12, 20). The possibility that 
amino acyl adenylates may be intermediates in the incorporation 
of amino acids into proteins (5), and perhaps therefore in protein 
synthesis, suggests the need for studies on the chemical and bio- 
chemical properties of these anhydrides. 

The present report is concerned with the preparation and the 
study of certain properties of several amino acyl adenylates. 
Previously, DeMoss et al. (20) have prepared amino acy] adenyl- 
ates by condensing amino acid chlorides with silver adenosine 
5’-phosphate, and Berg (21) has obtained several amino acyl 
adenylates by condensing free amino acids with adenosine 
5’-phosphate in the presence of NV, N’-dicyclohexylcarbodiimide 
(22). Preparations of amino acyl adenylates are extremely un- 
stable and rapidly undergo hydrolysis and other reactions in- 
cluding conversion to a compound which appears to be the 
amino acid ester of the 2’ (or 3’) hydroxyl group of adenosine 
5’-phosphate. In this paper we describe the preparation of 


* This work was supported, in part, by research grants from the 
National Science Foundation and from the National Institutes of 
Health; we are indebted to these agencies for their generous aid. 
A preliminary account of this work has appeared (1). 

t Postdoctoral research fellow of the National Heart Institute, 
National Institutes of Health. 


841 


amino acyl adenylates via the corresponding N-carbobenzoxy 
amino acids. This procedure, which appears to have certain 
advantages over the other methods, was described briefly in a 
preliminary communication (1). A similar method has been 
employed independently by Zioudrou et al. (23) for the synthe- 
sis of tyrosinyl adenylate and glycyltyrosinyl adenylate. The 
condensation of N-carbobenzoxy amino acid with adenosine 
5’-phosphate in the presence of N , V’-dicyclohexylearbodiimide 
proceeds smoothly and in good yield, and the resulting carbo- 
benzoxy amino acyl adenylate is relatively stable during purifi- 
cation procedures. The carbobenzoxy group is readily removed 
by catalytic hydrogenation (24). We have applied this pro- 
cedure to the preparation of 15 amino acyl adenylates. Gly- 
cyl adenylate and tryptophanyl adenylate, prepared from radio- 
active amino acids, have been employed in studies with rat liver 
preparations capable of incorporating amino acids into proteins. 


EXPERIMENTAL 


Materials—The amino acids, AMP and N,N’-dicyclohexyl- 
carbodiimide were obtained from Schwarz Laboratories, Inc. 
Inosinic acid was obtained from Sigma Chemical Company. 
Carbobenzoxy chloride and the carbobenzoxy amino acids were 
prepared as described by Bergmann and Zervas (24). Pyridine 
(‘spectro grade’’) was purchased from Eastman Kodak Com- 
pany. Ethylene glycol monomethy] ether was obtained from 
Howe and French, Inc., and fractionated through a short Vi- 
greux column (b.p. 123-4°). The carbobenzoxy amino acyl 
hydroxamic acids and amino acyl hydroxamic acids were pre- 
pared by reacting the corresponding methyl or ethyl esters with 
methanolic hydroxylamine essentially as described (25). It was 
not possible to obtain satisfactory preparations of the a-hy- 
droxamic acids of glutamine and asparagine (or their N-carbo- 
benzoxy derivatives) by these procedures. Benzoyl adenylate 
was prepared as previously described (18). Palladium catalyst 
was prepared by dissolving 10 gm. of palladium black (Fisher 
Scientific Company) in aqua regia and evaporating to dryness 
at 128°. The residue was dissolved in concentrated hydrochloric 
acid and then evaporated again; this procedure was repeated 
twice. The residue was dissolved in the minimal volume of hot 
concentrated hydrochloric acid and poured rapidly into boiling 
water; 10 ml. of 88 per cent formic acid were added to the boil- 
ing suspension followed by sufficient 5 N potassium hydroxide 
to make the solution alkaline to litmus paper. After addition 
of 0.2 ml. of 88 per cent formic acid, the solution was cooled and 
the catalyst was washed several times with water by decanta- 
tion. 

Studies with Rat Liver Preparations—The rat liver preparations 
were obtained by differential centrifugation of a 25 per cent rat 
liver homogenate in a buffered salt-sucrose medium as described 
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TABLE I 
Properties of carbobenzoxy amino acyl adenylates 


| Hydroxamic acid 
Nt Tonophoretic mobility} 
| Rr X 100 
Amino acid AMP* Rr X 100§ wiinitapiaias. 
Solvent|| 

Calculated Found Borate Tris ——— 

a | b c 
mm. mm 
0.955 15.2 15.2 +110 +655 72 98 94 96 
0.973 15.2 15.5 +111 +54 68 84 90 85 
0.948 16.5 16.5 +117 +69 69 82 81 889 
IS ee 0.941 16.1 15.7 +115 +51 73 78 79 789 

1.01 15.6 15.1 +103 +57 76 87 86 86 
0.986 14.1 14.8 +98 +58 80 100 96 94 
erg 1.02 14.1 14.0 + 103 +50 82 99 97 94 
1.03 13.7 13.4 +98 +54 77 98 97 92 
1.08 13.4 13.6 +100 +45 81 97 96 94 
1.00 14.5 14.8 +114 +63 79 95 83 89 
0.934 14.8 15.1 +106 +52 79 79 76 81 
1.01 14.4 14.6 +109 +65 72 87 90 79 
1.14 14.7 14.3 +88 +41 80 96 95 95 
1.02 13.0 12.7 +102 +48 75 98 94 94 
a 0.968 14.5 14.2 +109 +50 77 90 96 87 


* Moles of AMP per gm. formula weight of product, based on absorption at 260 mu. The compounds were dissolved in 0.1 ml. of 
water and treated with 0.6 ml. of 2 m hydroxylamine hydrochloride (adjusted to pH 6.5 with NaOH); after standing for 10 minutes at 


26°, the solutions were diluted with water and read at 260 my in a Beckman ultraviolet spectrophotometer. 


Carbobenzoxy tryptophan 


gave 25 per cent of the absorption of AMP at this wave length; the other carbobenzoxyamino acids did not absorb significantly under 


these conditions. 
+ Dumas. 


t Determined with the apparatus of Markham and Smith (32); Whatman No. 3 paper; 0 to 5°; 20 volts per cm., 0.1 M; tris(hydroxy- 
methyl)aminomethane (Tris) buffer (pH 9.1) or 0.1 m sodium borate buffer (pH 9.1). The values given in the table describe the posi- 
tion of the ultraviolet-quenching band after 80 minutes; the values for AMP were +169 mm. (borate) and +136 mm. (Tris). (See 


Fig. 1.) 


§ Ascending paper chromatography on Whatman No. 1 paper at 5° for 18 hours; the solvent consisted of ethylene glycol monomethyl 


ether and water (75:25); the Rr X 100 value for AMP was 54. 


|| Ascending paper chromatography on Whatman No. 1 paper (24—28°); the compounds (1 to 2 umoles) were treated with 0.1 ml. of 
4 m hydroxylamine, and 0.01 ml. of this solution was applied to the chromatogram. Solvent a: isobutanol, formic acid, water (75:15: 
10); solvent b: n-butanol, acetic acid, water (4:1:1); solvent c: ethanol, water (80:20). 


© Standard compounds were not available for comparison. 


¢ The corresponding b-amino acid derivatives exhibited similar properties. 


by Zamecnik and Keller (26). In certain experiments the reac- 
tion mixtures were centrifuged after incubation to obtain the 
microsome and supernatant fractions (27). The proteins were 
precipitated by addition of perchloric acid and processed by a 
modification of the procedures of Hulbert and Potter (28) and 
Tyner et al. (29). The proteins were dissolved in 2 N sodium 
hydroxide at 50-60° and reprecipitated by addition of trichloro- 
acetic acid. The reprecipitated proteins were washed twice 
with 5 per cent trichloroacetic acid and twice with 95 per cent 
ethanol before determination of radioactivity (30). 

Methods—The hydroxamic acid determinations were carried 
out by the general procedure of Lipmann and Tuttle (31). The 
sample (0.2 to 0.5 ml.) was treated with 0.5 ml. of 2 m hydroxy!l- 
amine hydrochloride (adjusted to pH 6.5 with potassium hy- 
droxide), and after 5 minutes, 1.5 ml. of ferric chloride reagent 
(0.37 m ferric chloride, 0.2 m trichloroacetic acid, 0.67 N hydro- 
chloric acid) were added; the final volume was brought to 2.5 
ml. with water. The colors were read in a Weston photometer 
equipped with a 535 my filter. 

Carbobenzoxy-L-alanyl Adenylate—AMP (685 mg.; 2 mmoles) 


and carbobenzoxy-t-alanine (446 mg.; 2 mmoles) were dissolved 
in 10 ml. of 75 per cent aqueous pyridine and the solution was 
cooled to 0°. A solution prepared by dissolving 8 gm. of N ,N’- 
dicyclohexylcarbodiimide in 8 ml. of pyridine was added rapidly 
and the mixture was shaken at 0 to 5° for 2 hours. The precipi- 
tate of dicyclohexyl urea, which formed gradually during the 
reaction, was removed by filtration at 5°, and washed with 3 ml. 
of cold 75 per cent pyridine. On standing at 5° for 2 to 10 min- 
utes, the combined filtrate and washing separated into two lay- 
ers. The upper layer was discarded, and the lower layer, which 
contained more than 90 per cent of the hydroxamic acid-forming 
material present in the original reaction mixture, was added to 
200 ml. of acetone at —15°. The precipitate was washed by 
centrifugation with 2 portions of 200 ml. of acetone. The pre- 
cipitate was drained for a few minutes and then stirred for 5 
minutes with 50 ml. of ethylene glycol ntonomethy! ether. The 
precipitate was removed by centrifugation and the extraction 
with ethylene glycol monomethyl] ether was repeated.!. The ex- 


1 The carbobenzoxy amino acy] adenylate is soluble in ethylene 
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tracts were combined and mixed with 500 ml. of ethyl ether. 
The precipitate of carbobenzoxy-L-alanyl adenylate was washed 
twice with ether and dried at 26° in a vacuum over P.O; for 30 
minutes, and stored at —15°. 


CaH2sOioN6P, (carbobenzoxy-L-alanyl adenylate) 


Calculated: C 45.7, H 4.5, N 15.2, P 5.6 
Found: C 45.4, H 4.7, N 15.2, P 5.4 


Other properties of this compound are given in Table I. The 
other carbobenzoxy amino acyl adenylates were obtained in a 
similar manner; the yields varied from 60 to 90 per cent. 

Properties of Carbobenzory Amino Acyl Adenylates—Paper 
chromatography of the carbobenzoxy amino acyl adenylates 
(Table I) revealed that these preparations did not contain ap- 
preciable quantities of free AMP; under the chromatographic 
conditions employed, a 5 per cent impurity of free AMP could 
have been detected. Treatment of the carbobenzoxy amino 
acyl adenylates with hydroxylamine gave hydroxamic acids 
which moved together with the authentic carbobenzoxy amino 
acyl hydroxamic acids in three paper chromatographic systems. 
The total nitrogen values were in good agreement with the cal- 
culated values (Table I). Determinations of AMP based on the 
absorption at 260 my were close to the theoretical value of 1.00 
(1.25 for carbobenzoxy tryptophanyl adenylate; see footnote, 
Table I). The carbobenzoxy amino acyl adenylates were hy- 
drolyzed in 0.1 N sodium hydroxide (10 minutes, 26°) and the 
hydrolysates were analyzed for AMP with adenylic acid deami- 
ase (33); in each case, the values obtained from absorption at 
260 mp were confirmed. The analytical data and the fact that 
the carbobenzoxy amino acyl adenylates moved as homogeneous 
compounds on paper chromatograms and paper ionophoresis (see 
below), are consistent with a relatively high degree of purity. 
The products were 85 to 95 per cent pure on the basis of the 
hvdroxylamine-ferric chloride procedure; as discussed below, 
quantitative reaction with hydroxylamine may not be assumed 
to occur under the conditions of this procedure. 

Paper ionophoretic studies at pH 9.1 revealed that all of the 
carbobenzoxy amino acyl adenylates moved toward the positive 
electrode with a mobility which was somewhat less than that of 
AMP (Fig. 1). Both AMP and the carbobenzoxy amino acyl 
adenylates exhibited greater mobility in the presence of borate 
(Table 1). These findings are consistent with the proposed 
structures, 7.e. an anhydride linkage between the carboxyl group 
of the amino acid and the phosphoric acid group of AMP. The 
increase of ionophoretic mobility in borate appears to exclude 
esterification of the ribose hydroxyl groups of AMP.  Further- 
more, periodate titrations carried out as described by Schmidt 
et al. (34) revealed that the carbobenzoxy amino acy] adenylates 
consumed stoichiometric quantities of periodate; after reaction 
with periodate, treatment with hydroxylamine gave the corre- 
sponding carbobenzoxy amino acy] hydroxamic acids which were 
identified by paper chromatography. 

Acylation of the amino group of adenine was excluded by re- 
action of the carbobenzoxy amino acyl adenylates with nitrous 


glycol monomethy! ether whereas significant quantities of AMP 
are not extracted. Usually two extractions were sufficient; with 
certain derivatives, e.g. carbobenzoxy asparaginyl adenylate and 
carbobenzoxy glutaminyl adenylate, three or four extractions were 
necessary to obtain most of the product in solution. The extrac- 
tion procedure was followed by hydroxamic acid tests on the resid- 
ual solid material and on the extract. 
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mm I20 80 40 OQ 40 
Fig. 1. Paper ionophoresis on Whatman No. 3 paper with the 
apparatus of Markham and Smith (32), 0 to 5°, 20 volts per cm. 
A. 0.05 mM ammonium formate buffer; pH 4.5, 120 minutes; B. 0.01 
M sodium citrate buffer; pH 5.9, 120 minutes; C. 0.1 m sodium bo- 
rate buffer; pH 9.1, 80 minutes; D. 0.1 m tris(hydroxymethy])- 
aminomethane buffer; pH 9.1, 80 minutes. Key: 1, AMP; 2, 
L-tryptophan; 3, L-tryptophanyl adenylate; 4, adenylic acid- 
2’(3’)-L-tryptophanate; 5, carbobenzoxy-L-tryptophanyl adenyl- 
ate. In A, 3 and 4 moved together; in B, 2 and 3 moved together. 


In A, inosine and L-tryptophanyl inosinate moved with 2 (see the 
text). 


A 


acid. Thus, 14 mg. of carbobenzoxy-L-tryptophanyl adenylate 
were dissolved in 3.5 ml. of 1.8 M acetic acid and treated 
with 80 mg. of sodium nitrite. The absorption maximum grad- 
ually shifted from 260 my to 249 my; the reaction proceeded 
to 28, 50, and 71 per cent of completion in 0.5, 1, and 2 hours, 
respectively at 26°. After standing for an additional 16 hours 
at 5°, the reaction reached 96 per cent of completion; the quan- 
titative hydroxamic acid reaction did not change significantly, 
and carbobenzoxy tryptophanyl hydroxamic acid was identified 
by paper chromatography. 

Carbobenzoxy-.-tryptophany! inosinate was also prepared by 
condensing inosinic acid with carbobenzoxy-L-tryptophan by the 
procedure described above for the preparation of carbobenzoxy 
amino acyl adenylates. NN, calculated for CogH2»OuNe6P; 12.6; 
found, 12.0. The yield of carbobenzoxy-L-tryptophanyl] inosi- 
nate was 20 per cent of theory; the low yield may be ascribed, 
at least in part, to the low solubility of inosinie acid in aqueous 
pyridine. The product was converted to L-tryptophanyl inosi- 
nate by catalytic hydrogenation as described below. The final 
product and its N-carbobenzoxy derivative gave the correspond- 
ing hydroxamic acids on treatment with hydroxylamine. 

Preparation of Amino Acyl Adenylates—The carbobenzoxy 
amino acyl adenylate (150 to 250 mg.) was suspended in 5 ml. 
of 90 per cent acetic acid and stirred with a magnetic stirrer. 
After the material had dissolved, the solution was cooled to 0° 
and approximately 1 gm. (wet weight) of freshly prepared pal- 
ladium catalyst was added. The reaction vessel was flushed 
with nitrogen for 3 minutes, and then hydrogen was admitted 
to the system. The reaction was complete in 10 to 30 minutes. 
After removal of the catalyst, this solution was lyophilized. The 
dry powder was washed with anhydrous ether and placed in a 
vacuum over phosphorus pentoxide at —15°. Some properties 
of amino acyl adenylates prepared by this procedure are given 
in Table II. The over-all yield of amino acy] adenylates varied 
from 40 to 81 per cent, based on the free amino acids. Thus, 
in the synthesis of glycyl-1-C'-adenylate, a yield of 326 mg. (81 
per cent) was obtained from 75 mg. of glycine-1-C'. p1i-Tryp- 
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TABLE II aration. All of the amino acyl adenylates appeared free from 
Properties of amino acyl adenylates the corresponding carbobenzoxy derivatives except for some 
epic preparations of methionyl adenylate. Larger quantities of cata- 
seta reste lyst were needed to remove completely the carbobenzoxy group 
R of carbobenzoxy methiony] adenylate; however, considerable de- 
Iono- F X 100 
Amino acid AMP* perry phoretic sulfuration occurred with large amounts of catalyst. 

— Solvents§ The lyophilized amino acyl adenylate preparations gave AMP 
and amino acid values which were close to theory (Table If), 
Several amino acyl adenylate preparations (D-tryptophany] 
mm. adenylate, D-phenylalanyl adenylate, L-methionyl adenylate, 
u-Alanine.....| 0.970 | 1.01 | —34.4 13 3266 -tryptophanyl adenylate) were hydrolyzed in 0.1 N sodium 
6-Alanine......| 0.974 | 1.02 | —38.0 9 18 = 45 hydroxide and examined for the presence of the corresponding 
L-Asparagine. .| 0.981 | 1.06 | —31.8 7 12 26 || enantiomorphic amino acids by optically-specific enzymatic 
L-Glutamine...| 1.02 | 0.972 | —36.8 8 42¢ (37,9 methods (37); no racemization of the amino acids was found 
“orig under conditions suitable for the detection of 0.5 umole of p- or 

L-Isoleucine.. .| 1. — 29. 
Ee 0.976 | 0.972 | —36.4 55 63 73 amine-ferric chloride procedure gave color values which were 60 
ee ee 1.02 | 0.980 | —38.7 18 23 55 to 95 per cent of those obtained with standard hydroxamic acids. 
L-Serine....... 0.988 | 1.07 | —33.6 7 12 42 We observed some variability in these values even with products 
L-Threonine...| 1.02 | 0.959 | —33.0 11 22 58 obtained from the same carbobenzoxy amino acyl adenylate 
L-Tryptophan?., 1.18 0.958 | —30.2 42 46 54 preparations. In general, lower values were obtained when 
L-Tyrosine....) 1.04 | 0.968 | —31.6 | (19,33) (29,55)° 65 longer periods of hydrogenation were employed. Some hydroly- 
u-Valine....... 0.988 | 1.01 | —33.7 35 54 i's sis undoubtedly occurs during hydrogenation, lyophilization, and 


* Moles of AMP per gm. formula weight of product, based on 
absorption at 260 mu. The compounds were dissolved in 0.7 ml. 
of 2 m hydroxylamine hydrochloride (adjusted to pH 6.5 with 
NaOH); after standing for 10 minutes at 26°, the solutions were 
diluted with water and read at 260 my in a Beckman ultraviolet 
spectrophotometer. Tryptophan gave 24 per cent of the absorp- 
tion of AMP at this wave length; the other amino acids did not 
absorb significantly under these conditions. 

t Moles of amino acid per gm. formula weight of product deter- 
mined by the method of Moore and Stein (35); proline was deter- 
mined as described by Troll and Lindsley (36). 

t Conditions were as described in footnote ¢, Table I, except 
that 0.05 m ammonium formate buffer (pH 4.5) was used; value 
for AMP was +100 mm.; time, 2 hours. (See Fig. 1.) 

§ See footnote ||, Table I, for conditions. 

|| Standard compounds were not available for comparison. 

© A spot corresponding to y-glutamylhydroxamic acid was also 
observed. 

@ The corresponding b-amino acid derivatives exhibited similar 
properties. 

> The values for the major spots are reported; in each solvent, 
a smaller spot corresponding to carbobenzoxy methionyl hydrox- 
amic acid and a faint unidentified spot were also observed. 

¢ This derivative and authentic tyrosinyl hydroxamic acid gave 
two spots with these solvent systems. 


tophanyl-3-C™-adenylate was obtained in 40 per cent over-all 
yield. 

Properties of Amino Acyl Adenylates—Treatment of the amino 
acyl adenylate preparations with hydroxylamine followed by 
paper chromatography gave hydroxamic acids (located by spray- 
ing with ferric chloride), which exhibited Rp values identical to 
those of the corresponding standard amino acid hydroxamic 
acids (Table II). The marked difference in chromatographic 
behavior between the amino acid hydroxamic acids (Table IT) 
and the carbobenzoxy amino acid hydroxamic acids (Table I) 
made it possible to detect the presence of carbobenzoxy amino 
acyl adenylates in the corresponding amino acy! adenylate prep- 


storage at —15°. However, it cannot be assumed that the 
amino acyl adenylates react quantitatively with hydroxylamine 
to yield hydroxamic acids under the conditions employed. It 
has been found that certain compounds with activated acy] 
groups react with the hydroxyl group of hydroxylamine to yield 
unstable derivatives that give no color with ferric chloride (88). 
The extent of such reactions is dependent upon several factors 
including the pH (39). As one might expect, the rate of reac- 
tion with hydroxylamine varies greatly with different carboxyl 
derivatives of a given amino acid and with a given derivative of 
different amino acids (39, 40). 

On paper ionophoresis at pH 4.5, the amino acyl adenylates 
moved toward the negative electrode (Fig. 1 and Table II). 
Under the conditions employed, the amino acy! adenylates were 
separated from free amino acid and AMP. The observed mobil- 
ity of the amino acy! adenylates is consistent with the proposed 
anhydride structures, which would be expected to have a net 
positive charge at pH 4.5. .L-Tryptophany] inosinate exhibited 
a mobility of 11.4 mm. in the direction of the cathode; under 
these conditions, an identical value was observed with inosine. 
Since neither of these compounds would be expected to have an 
appreciable net positive charge at pH 4.5, it seems probable that 
the observed mobility was due to electroendosmosis. 

The a-amino acyl adenylates were rapidly hydrolyzed to AMP 
and amino acid in neutral aqueous solution as judged by disap- 
pearance of the ability to form hydroxamic acids; however, they 
exhibited greater stability at lower values of pH (Fig. 2). Un- 
der conditions similar to those employed in enzymatic studies, 
i.e. 0.1 M potassium phosphate buffer (pH 7.2) and 37°, the 
a-amino acyl adenylates were rapidly hydrolyzed, whereas the 
carbobenzoxy amino acy! adenylates and benzoy] adenylate, were 
relatively stable. $-Alanyl adenylate was hydrolyzed much 
more slowly than were the a-amino acyl adenylates (Fig. 3). 

It is of interest that the curves for the disappearance at pH 
7.2 of hydroxamic acid-forming material (Fig. 3) obtained with 
certain a-amino acyl adenylate preparations did not reach zero 
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even after 2 hours. On the other hand, complete loss of the 
hydroxamic acid reaction was observed in 2 to 5 minutes at pH 
9.5. Incubation of amino acyl adenylates at 37° and pH 7.2 
for 1 hour, followed by treatment with hydroxylamine and paper 
chromatography, revealed the presence of the corresponding 
amino acyl hydroxamie acids. In freshly prepared samples of 
amino acyl adenylates, the relatively stable hydroxamic acid- 
forming fraction usually represented about 5 to 10 per cent of 
the total color values. On storage at —15° for several weeks the 
relatively stable fraction increased in amount; the rate of con- 
version varied with different amino acyl adenylates. Such con- 
version was not associated with a marked decrease in the total 
hydroxamie acid values, or with changes in AMP to amino acid 
ratios and ionophoretic mobility at pH 4.5. However, paper 
jonophoresis at pH 5.9 in 0.01 mM sodium citrate buffer gave evi- 
dence for the formation of a new compound. As indicated in 
Fig. 1, paper ionophoresis at pH 5.9 separated L-tryptophanyl 
adenylate from the new compound, which moved toward the 
positive electrode? Preparations of L-prolyl adenylate, L-thre- 
onyl adenylate, and L-tryptophanyl adenylate that had been 
stored for several months were subjected to paper ionophoresis 
at pH 5.9, and the negatively charged materials were separated 
from free AMP and free amino acid and eluted from the paper. 
The eluted compounds gave the corresponding amino acy] hy- 
droxamic acids on treatment with hydroxylamine, but did not 
react with periodate. Hydrolysis with 0.1 N sodium hydroxide 
(1 hour at 26°) gave equimolar quantities of AMP and amino 
acid. The evidence strongly suggests that the products formed 
from the corresponding amino acy] adenylates are the 2’(or 3’)- 
amino acid esters of AMP. All of the a-amino acyl adenylates 
were active in the enzymatic formation of ATP catalyzed by 
the pancreatic tryptophan-activating enzyme in the presence of 
pyrophosphate (12). However, the compounds considered to be 
the 2’(3’)-amino acid esters of AMP were not active when tested 
under the same conditions.’ 

Reaction of Amino Acyl Adenylates with Rat Liver Preparations 
—Incubation of amino acid-labeled C'-glycyl adenylate or C'*- 
tryptophany] adenylate with a mixture of the supernatant and 
microsome fractions of rat liver led to significant incorporation 
of isotope into the microsomal and supernatant fraction proteins 
subsequently isolated. As indicated in Table III, incorporation 
of isotope from the C'-amino acyl adenylates was significantly 
greater than that observed in control experiments in which the 
amino acyl adenylate preparations were hydrolyzed before addi- 
tion of the tissue preparation. The rat liver system employed 
here was prepared according to Zamecnik and Keller (26). In 
the presence of an ATP-generating system, this preparation cata- 
lvzed the incorporation of C'-tryptophan and C'-glycine into 
the microsomal proteins; the extent of the incorporation was of 
the same order of magnitude as that observed by these workers. 
It is of interest that the proteins of both the supernatant and 
the microsomal fraction became labeled when these were incu- 
bated with C'-amino acyl adenylates. In experiments with 
heated rat liver preparations, the extent of incorporation into 
the proteins of both fractions was much greater than that ob- 
served with unheated preparations (Table IIT). Isolated micro- 


? Preparations of amino acyl adenylates obtained by condensing 
free amino acids with AMP in the presence of NV, N’-dicyclohexy]- 
carbodiimide (15, 21) also contained the compound that moved 
toward the anode at pH 5.9. 

Unpublished experiments. 
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Fic. 2. Effect of pH on the hydrolysis of L-tryptophany] ade- 
nylate. The ordinate represents percentage of initial hydroxamic 
acid formed. The amino acyl adenylate (1.5 umole) was dis- 
solved in 0.2 ml. of 0.1 m buffer (sodium acetate, pH 4.5 to 6.0; 
potassium phosphate, pH 6.5, 7.2); after 15 minutes at 37°, the 
sample was treated with 0.5 ml. of 2 m hydroxylamine hydro- 
chloride (adjusted to pH 6.5); 5 minutes later, 1.5 ml. of ferric 
chloride reagent were added. 


| | 
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Fic. 3. Hydrolysis of several acyl adenylates. The ordinate 
represents percentage of initial hydroxamie acid formed. The 
acyl adenylates (1.0 to 2.0 umoles) were dissolved in 0.2 ml. of 0.1 
M potassium phosphate buffer (pH 7.2) and incubated at 37°; at 
the indicated intervals, the samples were treated with hydroxyla- 
mine and ferric chloride reagent as described in Fig. 1. Curve 1, 
carbobenzoxy-L-tryptophanyl adenylate; Curve 2, benzoyl ade- 
nylate; Curve 3, B-alanyl adenylate; Curve 4, glycyl adenylate; 
ren 5, Lt-glutaminy! adenylate; Curve 6, L-tryptophanyl ade- 
nviate. 


somes became more extensively labeled than did microsomes in 
the presence of the supernatant fraction. This result may be 
associated with denaturation of the washed microsomal protein; 
furthermore, in the presence of unheated supernatant fraction 
there was considerable degradation of amino acyl adenylate. 
Experiments were also carried out with C'-glycyl adenylate of 
very high specific activity (107 ¢.p.m. per umole); this permitted 
use of relatively low concentrations of the anhydride. With 
concentrations of glycyl adenylate of from 10-* to 10-* m, the 
labeling of the heated protein preparations was between 5 and 
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TaBLeE III 
Labeling of rat liver proteins by incubation uith C4-amino 
acyl adenylates 


Incorporation 
Exper- 
iment Reaction mixture* 
No. Super- | Micro- | Com- 
natant | somes bined 


c.p.m./mg. protein 
11.3 5.62 
0.56 0.34 


1 | C'4-Glycyl adenylate + MS 
C'4-Glycine + AMP + MS 
2 | C'4-Glycyl adenylate + MS 
C'4-Glycyl adenylate + MS 35.0 
C'*-Glycyl adenylate + MStf 
3 | C'*-Glycyl adenylate + S 
C'4-Glycyl adenylate + St 
C'4-Glycyl adenylate + M 
C'4-Glycyl adenylate + Mt 
4 | C'4-Tryptophany! adenylate + MSf 
C'4-Tryptophanyl adenylate + MS 
C'4-Tryptophanyl adenylate + MSt 
5 | C'4-Tryptophanyl adenylate + MS | 34 
C'4-Tryptophanyl adenylate + S 29 
C'4-Tryptophanyl adenylate + St 166 
C'4-Tryptophanyl adenylate + M 89 
C'4.Tryptophanyl adenylate + Mt 284 


8.0 


750 


45 


* The reaction mixtures consisted of 1 ml. of rat liver prepara- 
tion (supernatant (S) and microsomal (M) fractions; or both 
(MS); see ‘‘Experimental’’), and glycyl(-1-C'*) adenylate (2.5 
umoles, 3.6 KX 105 ¢.p.m.) or tryptophanyl(-3-C!*) adenylate (1.0 
umole, 1.9 XK 105 ¢.p.m.) in a final volume of 1.5 ml.; pH 7.4; in- 
cubated at 38° for 30 minutes. With the use of glycine-1-C'* and 
tryptophan-3-C!4, we observed incorporations of 57 and 81 ¢c.p.m. 
per mg. of protein, respectively, with the system described by 
Zamecnik and Keller (26). However, it should be noted that 
the specific radioactivities of the amino acid moieties of the 
amino acyl adenylates used here were 5 per cent of those of the 


free amino acids. 
+ Perchloric acid was added immediately before addition of 


amino acyl adenylate (‘‘zero time’”’ control). 
t The protein preparations were heated at 100° for 10 minutes 


before use. 


10 times greater than that of the unheated material. Labeling 
of heated and unheated rat liver supernatant fraction and rat 
liver microsomes by incubation with C'-amino acyl adenylates 
proceeded more rapidly at pH values of 6.5 to 8.5 than at lower 
or higher values of pH; labeling occurred rapidly, usually reach- 
ing a maximal value within 5 minutes. With both heated and 
unheated preparations, the labeled amino acids were tightly 
bound to the proteins. The labeled amino acids were released 
from such preparations over a period of 32 hours by treatment 
with 6 N hydrochloric acid at 105°. Thus, a protein preparation 
labeled with C'*-glycyl adenylate liberated 11, 22, 28, 38, 75, 91, 
and 100 per cent of its total radioactivity as glycine-1-C™ after 
1, 2, 5,8, 12, 16, and 32 hours of hydrolysis, respectively. Treat- 
ment of the labeled heated and unheated rat liver preparations 
with 1-fluoro-2,4-dinitrobenzene followed by acid hydrolysis 
(41), gave preparations of 2,4-dinitrophenyl amino acids that 
contained from 70 to 80 per cent of the radioactivity originally 
incorporated into the proteins (Table IV). The findings strongly 
suggest that the labeling of proteins observed after incubation 
with C'amino acyl adenylates is mainly due to nonenzymatic 
acylation of the reactive groups of the proteins. It appears 
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TABLE IV 
Amino end group analysis of labeled proteins 
Incorporated 
Original reaction mixture* 
acid 
C'4-Glycyl adenylate + MS....................... 74 
C'*-Glycyl adenylate + 80 
C'4-Tryptophanyl adenylate + MS................ 69 
C'4-_Tryptophanyl adenylate + MSf............... 79 
C'4-Tryptophanyl adenylate + MSf}............... 43 


* The reaction mixtures contained initially 1 ml. of rat liver 
preparation (supernatant (S) and microsomal (M) fractions; or 
both (MS) and C!4-glycyl adenylate or C!*-tryptophanyl adenyl- 
ate as given in Table III. The protein was subsequently pre- 
cipitated and washed as described in ‘‘Experimental,’’ and then 
treated with 1-fluoro-2,4-dinitrobenzene; the radioactivity of the 
isolated 2,4-dinitrophenyl amino acid (DNP-amino acid) fraction 
was determined. 

t The rat liver preparation was heated at 100° for 10 minutes. 

t A mixture consisting of 1 wmole each of the adenylates of un- 
labeled glycine, tyrosine, phenylalanine, isoleucine, leucine, and 
valine was added to the initial reaction mixture. Less isotope 
was also found in the DNP-amino acid fraction when unlabeled 
amino acyl adenylates were added after incubation of the protein 
preparation with C!*-amino acyl adenylates. 


probable that such acylation involves the free amino groups of 
the proteins, including the e-amino groups of lysine. Such an 
interpretation is consistent with the findings of Porter (42), who 
observed an increase in the number of e-amino groups of proteins 
available for acylation after heat denaturation. Other results 
that are consistent with the interpretation that the observed 
labeling is mainly due to nonenzymatic acylation may be briefly 
summarized as follows. (a) Incubation of crystalline bovine 
serum albumin, ovalbumin, and ribonuclease with C'*-amino acy] 
adenylates led to considerable labeling of the proteins. (6b) Rat 
liver protein preparations that were acetylated by treatment 
with acetic anhydride incorporated much less radioactivity than 
did untreated preparations when they subsequently were incu- 
bated with C'4-amino acyl adenylates. (c) Addition of ribo- 
nuclease, guanosine 5’-triphosphate, ATP, or an ATP-generat- 
ing system did not influence the labeling of proteins by amino 
acyl adenylates. (d) The degree of labeling of heated proteins 
was generally proportional to the duration of heat treatment 
(0.5 to 15 minutes at temperatures of 20 to 100°). (e) Labeling 
of rat liver preparations by incubation with C'-amino acyl 
adenylates was reduced when C'?-amino acyl adenylates were 
added to the mixture (Table IV). 

Other Reactions of Amino Acyl Adenylates—The high reactivity 
of amino acyl adenylates is indicated not only by their rapid 
reaction with hydroxylamine and proteins, but also with am- 
monia, amino acids, AMP, and ribonucleic acid preparations. 
Incubation of amino acyl adenylates with concentrated am- 
monium hydroxide at 26° for 3 minutes gave the corresponding 
amino acid amides which were identified by paper chromatog- 
raphy; the formation of the amides of leucine, proline, alanine, 
glycine, tyrosine, isoleucine, and valine was observed in this 
manner. Similarly, incubation of amino acyl adenylates with 
amino acids gave the corresponding peptides. For example, 
incubation of glycyl adenylate (0.01 m) and L-phenylalanine (0.2 
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m) at pH values from 7.5 to 9.0 for 10 minutes at 26° gave glycyl 
phenylalanine, the formation of which was qualitatively demon- 
strated by paper chromatography. That amino acyl adenylates 
can react with the ribose hydroxyl groups of AMP is suggested 
by observations described above. The formation of the 2’(3’)- 
amino acid ester of AMP could occur by acylation of free AMP 
present in the preparation or possibly by an intramolecular re- 
arrangement. However, evidence for the acylation of AMP by 
amino acyl adenylates has been obtained by incubation of C'*- 
AMP with tryptophanyl] adenylate; significant quantities of a 
labeled AMP-tryptophan compound with the properties of AMP- 
2'(3’)-tryptophanate were formed.* As noted previously (1), 
we have also observed labeling of ribonucleic acid preparations 
by incubation of these with C'*-amino acy] adenylates. Inves- 
tigation of this labeling is complicated by the usual difficulties 
in characterizing ribonucleic acid preparations, and also by the 
observation that the C'4-amino acid is apparently bound to ribo- 
nucleic acid by linkages of considerably different stabilities. 
Further work is necessary in order to determine the nature of 
the reaction of amino acyl adenylates with ribonucleic acid prep- 
arations. 


DISCUSSION 


It is of interest that some preparations of amino acy] adeny]l- 
ates contain isomeric compounds that appear to be the 2/(3’)- 
amino acid esters of AMP. The latter compounds react much 
more rapidly with hydroxylamine than do the corresponding 
amino acid ethyl! esters; at least in one instance (proline), the 
anhydride and the isomeric ester of AMP exhibited approxi- 
mately the same stability at pH 7.2 and 37° in 0.1 m potassium 
phosphate buffer. Further studies on these compounds are in 
progress. The carbobenzoxy amino acy! adenylates exhibit 
much less tendency to hydrolysis, and do not undergo spon- 
taneous conversion to a ribose acylated product to a detectable 
extent. Formation of a ribose-acylated derivative of AMP has 
previously been observed by Jencks (43), who obtained adeno- 
sine 5’-phosphate 2’(3’)-acetate by the action of imidazole on 
acetyl adenylate. Wieland et al. (44) obtained a product from 
monosodium AMP and valylthiophenol hydrochloride which is 
considered (45) to be the 2’(3’)-valine ester of AMP. Weiss et 
al. (13) have observed formation of a compound exhibiting the 
properties of adenosine 5’-triphosphate 2’(3’)-tryptophanate in 
the tryptophan-activating system. Studies on the enzymatic 
behavior of the amino acid esters of nucleotides may be of in- 
terest, especially in the light of recent evidence that amino acids 
are enzymatically incorporated into ribonucleic acid by ester 
linkages involving the hydroxyl groups of the terminal adenosine 
moieties (46). As stated above, preliminary experiments indi- 
cate that the amino acid esters of AMP are not active in the 
enzymatic formation of ATP catalyzed by the tryptophan-ac- 
tivating enzyme; however, in view of the apparent reactivity 
of these compounds, the possibility that they may participate 
in other reactions must be considered. The inactivity of the 
amino acid esters of AMP in ATP synthesis contrasts with the 
reactivity of the soluble ribonucleic acid-amino acid complexes 
in ATP formation. 

Studies on the preparation of other amino acyl adenylates are 
in progress. Thus far, it would appear that the present method 
cannot be applied without modification to the preparation of 
the adenylates of cystine, lysine, and glutamic acid. Very re- 
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cently, the preparation of glycy] adenylate, and pi-leucyl aden- 
ylate via the corresponding benzyl mercaptoformy] derivatives 
has been reported (47). It is possible that this or other blocking 
techniques may be useful in the preparation of other amino acy] 
adenylates. 

The available evidence is consistent with the belief that the 
labeling of proteins by C'4-amino acy] adenylates in our studies 
is largely due to nonenzymatic acylation. However, it is con- 
ceivable that some of the observed incorporation is enzymatically 
catalyzed, and that extensive nonenzymatic acylation by the 
relatively high concentrations of amino acyl adenylate employed 
has masked an enzymatic reaction. Zioudrou et al. (23) have 
independently carried out similar studies; these workers ob- 
served labeling of heated and unheated rat liver mitochondria 
by C'-tyrosinyl adenylate, C'-glycyltyrosinyl adenylate, and 
the corresponding N-carbobenzoxy derivatives. They have con- 
cluded that the labeling of the mitochondria is due to nonen- 
zymatic acylation. Other studies in our laboratory indicate 
that enzymatically-synthesized tryptophanyl adenylate can ac- 
ylate rat liver microsome preparations, other proteins (e.g. 
crystalline bovine serum albumin, ovalbumin), and the trypto- 
phan-activating enzyme itself. It is therefore possible that 
some of the labeling of proteins observed when C'*-amino acids 
are incubated with isolated preparations and an AT P-generating 
system may be due to this type of acylation and therefore be 
artifactitious. The present findings re-emphasize the need for 
studies in which a specific protein is isolated, and in which the 
incorporated amino acid is shown to be in positions correspond- 
ing to those of the same amino acid in the native protein. It is 
evident that the high reactivity of the amino acyl adenylates 
poses difficult problems not only in the preparation of these 
compounds, but also in their study in biochemical systems. 
Nevertheless, the ability of amino acyl adenylates to react as 
substrates in ATP synthesis by reversal of Reaction 1 suggests 
that it may be possible to design systems for the study of other 
enzymatic reactions in which these anhydrides participate. 


SUMMARY 


1. A procedure for the preparation of amino acyl adenylates 
has been devised and applied to 15 amino acids. Carbobenzoxy 
amino acids were condensed with adenosine 5’-phosphate in the 
presence of N,N’-dicyclohexylearbodiimide; the N-carbobenz- 
oxy amino acyl adenylates were isolated and converted to the 
corresponding amino acyl adenylates by catalytic hydrogena- 
tion. 

2. When glycyl adenylate and tryptophanyl adenylate la- 
beled with C' in the amino acid moieties were incubated with 
rat liver preparations capable of catalyzing the incorporation of 
free amino acids into protein in the presence of an adenosine 
triphosphate-generating system, isotope was incorporated into 
the proteins subsequently isolated. Liver preparations that 
were denatured by heating were labeled to a much greater ex- 
tent by incubation with C'-amino acyl adenylates. Evidence 
was obtained indicating that the incorporation of isotope from 
C'-amino acyl adenylates into proteins is mainly due to non- 
enzymatic acylation of the proteins. 

3. Spontaneous conversion of a@-amino acyl adenylates to 
products that appear to be the corresponding isomeric adeno- 
sine 5’-phdsphate-2’(3’)-amino acid esters has been observed. 
Certain other properties of amino acy! adenylates and the corre- 
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sponding N-carbobenzoxy amino acyl adenylates have been 
studied. 
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The Enzymatic Exchange of L-Serine with O-Phospho-L-serine 
Catalyzed by a Specific Phosphatase* 
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During the course of experiments on the enzymatic synthesis 
of phosphatidylserine it was found that extracts of rat liver 
catalyzed the following reactions. 


P-L-serine! — L-serine + Pj; (1) 
P-p-serine — p-serine + (2) 
P-L serine + L-serine-3-C!4 = P-L-serine-3-C'* + L-serine (3) 


An enzyme from chicken liver catalyzing the same reactions was 
discovered independently by Neuhaus and Byrne (1). 

This paper will describe the partial purification and some of 
the properties of the enzyme from rat liver. A preliminary 
report on some aspects of this work has been published (2). 


EXPERIMENTAL 


Materials and Methods—pt1-Serine-3-C™ was purchased from 
the Volk Radiochemical Company. p-Serine-3-C" and L-serine- 
3-C4 were generous gifts of Dr. Manfred Karnovsky. 

Orthophosphate labeled with P® was obtained from the Atomic 
Energy Commission. ATP labeled in the two terminal phos- 
phates with P® was prepared by a method similar to that of 
Lowenstein (3). 

P, was determined by a procedure based on that of Gomori 
(4). Protein was determined by the method of Warburg and 
Christian (5). P-Serine and serine were separated by chroma- 
tography on Whatman No. 43 filter paper with the ascending 
technique. The solvent system was 70 per cent ethanol con- 
taining 0.02 m citrate buffer of pH 4.8. The Re value for serine 
in this system was 0.55 and for P-serine, 0.27. 

Synthesis of P®-Serine—Neuhaus and Korkes (6) have de- 
scribed a convenient procedure for the preparation of P-serine 
in unlabeled form. However, it is not easy to adapt this proce- 
dure for the preparation of P%-labeled serine. Attempts to use 
the procedure of Plimmer (7) for this synthesis were unsuccess- 
ful, but the following modification of the method was found 
satisfactory. 

Carrier-free P®, 1 me., was added to a test tube containing 
0.2 ml. of 85 per cent orthophosphoric acid. The solution was 
kept in an oven at 110° overnight. After the tube was cooled, 
0.4 gm. of phosphoric anhydride was cautiously added, followed 


* Supported by grants from the Nutrition Foundation, the Life 
Insurance Medical Research Fund, and the National Institute of 
Neurological Diseases and Blindness, United States Public Health 
Service (Grant B-1199). 

'The abbreviations used are: P-.L-serine, O-phospho-.-serine; 
P-p-serine, O-phospho-p-serine; P;, orthophosphate; Tris, tris- 
(hydroxymethyl)aminomethane. 


by 0.2 gm. of L-serine. The mixture was stirred until it formed 
a sticky paste. The tube was then tightly stoppered and set 
aside for 3 days at 45°. Water, (2.5 ml.), was then added, and 
the solution was heated in a boiling water bath for 15 minutes. 
This treatment hydrolyzes undesired pyrophosphates and dies- 
ters. 

The solution was diluted to about 200 ml. with water and 
neutralized with hot aqueous barium hydroxide, and then was 
chilled in an icebox overnight. The precipitate was removed 
by centrifugation and washed several times with cold water. 
The combined supernatant solution and washings were then 
passed over a column of Dowex 1-formate, 19 cm. long and con- 
taining 9 ml. of packed resin. The column was then washed 
with several bed volumes of water and eluted with a gradient 
elution technique. The upper reservoir contained 0.5 m formic 
acid and the mixing chamber (300 ml.) distilled water initially. 
Three fractions of 14 ml. each were collected per hour. The 
P-serine appeared in a band collected between 240 to 288 
ml. The fractions containing P-serine were combined and 
evaporated to 2 ml. The solution was chilled to 0°, and 3 
volumes of ethanol were added slowly with good stirring. The 
solution was then held for 24 hours in an icebox. The erystal- 
line precipitate was removed by centrifugation and washed twice 
with 1.5 ml. of cold ethanol and then dried in a vacuum desic- 
cator. The dried product weighed 100 mg. (29 per cent yield 
based on serine) and melted with decomposition between 166 to 
168 (uncorrected). 

P-t-Threonine and P-1-tyrosine were prepared by the original 
method of Plimmer. 

Preparation of Enzyme—Adult female albino rats were killed 
by decapitation, and the livers were immediately removed and 
homogenized in 9 volumes of ice-cold Tris buffer of pH 7.4, with 
the use of a Waring Blendor for 1 minute. All subsequent 
operations were carried out at 0° unless otherwise specified. 

Step 1. Precipitation at pH 5.2—The pH of the homogenate 
was adjusted to 5.2 by the dropwise addition of 1 mM acetic acid. 
The copious precipitate was removed by centrifugation in a 
refrigerated Servall centrifuge and discarded. 

Step 2. Heat Treatment—The supernatant solution was ad- 
justed to pH 6.4 by addition of 0.5 Tris buffer of pH 8.8, and 
MgCl. was added to a final concentration of 0.015 m. The 
temperature of the enzyme preparation was then rapidly raised 
to 60° by immersion in a hot water bath with efficient stirring 
and maintained at 60° for 40 minutes. The suspension was 
chilled to room temperature, and the precipitate was removed 
by centrifugation and discarded. 

Step 3. Fractionation on Calcium Phosphate Gel—The pro- 
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Fic. 1. P; release with varying amounts of enzyme. Each tube 
contained 4 zmoles of P-p-serine, 20 umoles of Tris buffer of pH 
7.4, 16 umoles of MgCl:, and varying amounts of enzyme in a final 
volume of 1.0 ml. The incubation was for 1 hour at 37° after 
which the reaction was stopped by the addition of 5 ml. of 5 per 
cent trichloroacetic acid. Orthophosphate determinations were 
done on aliquots after filtration... 


TABLE 
Hydrolysis of O-phospho-t-serine and O-phospho-pb-serine 
Each tube contained 16 umoles of MgCl., 20 umoles of Tris, pH 


7.5, and 0.8 mg. of enzyme purified by Steps 1 and 3 only. The 
final volume was 1.0 ml]. and the incubation was for 1 hour at 37°. 


Substrates added P; released 

pmoles 
3 wmoles P-L-serine + 1 wmole L-serine............ 0.14 
3 wmoles P-L-serine + 1 wmole b-serine........... 0.32 
3 umoles P-p-serine + 1 wmole L-serine............ 0.15 
3 wmoles P-p-serine + 1 wmole pb-serine........ 0.46 


tein concentration of the supernatant solution from Step 2 was 
usually about 4 mg. per ml. The supernatant solution was 
chilled to 0° and treated with one-fifth of its volume of a suspen- 
sion of calcium phosphate gel prepared by the method of Tsuboi 
and Hudson (8). The gel was removed by centrifugation and 
washed successively three times each with water, 0.1 mM ammo- 
nium sulfate, and 0.5 M ammonium sulfate. Usually the greatest 
recovery and highest specific activity was obtained in the 0.5 m 
ammonium sulfate extracts. The active extracts were finally 
dialyzed against 0.02 m Tris buffer of pH 7.4 containing 0.005 
M MgCl.. 

Preparations of enzyme with an activity of 3 to 4 units per 
mg. of protein (Fig. 1) could be obtained by this procedure, 
representing an overall purification of 25- to 40-fold over the 
original homogenate with a recovery of about 15 to 25 per cent 
of the total activity. Although the enzyme was not pure at this 
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Fic. 2. Hydrolysis as a function of P**-L-serine concentration. 
Each tube contained 16 umoles of MgCl2, 20 uymoles of Tris buffer 
of pH 7.4, 0.10 mg. of enzyme, and varying amounts of P*?-L-serine 
in a final volume of 3.0 ml. The tubes were incubated for 20 min- 
utes at 37°, and the reaction was stopped by the addition of 0.4 
ml. of 10 N H2SO,, followed by 0.02 ml. of 0.01 Mm KzHPO, to pro- 
vide carrier P; and 0.4 ml. of 10 per cent ammonium molybdate. 
5 ml. of a mixture of equal volumes of isobutanol and benzene 
were then added, the tubes were stoppered and inverted 100 times. 
After light centrifugation, 3-ml. aliquots of the organic phase were 
dried in aluminum cups and counted. 


point, the rather severe heat treatment eliminated many inter- 
fering enzyme activities, e.g. other phosphatases attacking sub- 
strates such as B-glycerophosphate and AMP. 

Enzymatic Hydrolysis of P-1-Serine and P-p-Serine—An ex- 
periment illustrating the enzymatic hydrolysis of P-t-serine and 
P-p-serine is shown in Table I. At the concentrations shown, 
both substrates are readily hydrolyzed, and the reaction is 
strikingly inhibited by free L-serine, but not p-serine. This in- 
hibition by L-serine appears to be characteristic of the specific 
P-serine phosphatase; other phosphatases present in crude liver 
extracts, such as those hydrolyzing 6-glycerophosphate and 
AMP, are not inhibited by L-serine. 

Since free L-serine is inhibitory to the hydrolytic reaction, 
P-p-serine was used as substrate in routine experiments in which 
hydrolysis was measured. The relation between enzyme con- 
centration and hydrolysis is shown in Fig. 1. Since this relation- 
ship is not linear over a wide range, 1 unit of enzyme activity was 
defined as an amount of enzyme which liberated 1 umole of P; 
under the conditions described in Fig. 1, and lower levels of 
activity were read from the standard curve. 

Affinity for P-p-Serine and P-1-Serine—Substrates labeled with 
P® were used to study the affinity of the enzyme for P-1-serine 
and P-p-serine (Figs. 2 and 3). The procedure, described under 
Fig. 2, was based on that of Ernster et al. (9) and proved very 
useful for accurate estimation of the release of amounts of P; 
much too low for colorimetric determination. 

K, for P-t-serine was found to be 5 x 10-® M, calculated by 
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the method of Lineweaver and Burk (10), whereas that for 
p-p-serine was 5 X 10°73 M. 

That both P-p-serine and P-t-serine are hydrolyzed at the 
same active site on the enzyme is indicated by the experiment 
shown in Table II. P*-p-serine was incubated in the presence 
and in the absence of unlabeled P-.L-serine, and the radioactivity 
of the P; released was measured. The unlabeled P-1-serine 
effectively displaced the P*-p-serine from the enzyme, as would 
be expected from the relative Michaelis constants. 

Effect of Varying 1-Serine Concentration—The inhibition of 
hydrolysis of P*-L-serine by varying amounts of free L-serine is 
shown in Fig. 4. The hydrolysis is inhibited 50 per cent at 
about 4 10-4 serine. 

Specificity of Enzyme for Hydrolysis—The purified enzyme is 
quite specific for the hydrolysis of P-t-serine and P-p-serine 
(Table III). Enzymes present in the crude extracts which 
hydrolyze B-glycerophosphate and AMP are almost completely 
removed. O-phospho-t-threonine is only slightly hydrolyzed; 
the hydrolysis of O-phospho-t-tyrosine is apparently catalyzed 
by a contaminating enzyme, since it was not inhibited by L-serine, 
in other experiments not shown. 

Requirement for Magnesium—Purified preparations of the 
enzyme from rat liver require added magnesium ions for activity 
with 2 * 10-4 m MgCl. giving half the optimal stimulation. 
Mang:nese or calcium ions were not effective in replacing mag- 
nesium (Table IV). 

Heat Stability—Heating the enzyme to 60° or higher for pe- 
riods of 10 minutes or more leads to complete inactivation. 
However, the enzyme is markedly stabilized by the presence of 
magnesium ions. Heating at 60° for 40 minutes in 0.015 m 
MgCl. usually led to loss of only 10 to 40 per cent of activity. 
As mentioned above, this stability to heating in the presence of 
magnesium proved of considerable use in ridding the enzyme of 
other phosphatases. 

Exchange of Labeled 1-Serine with P-Serine—In attempts to 
demonstrate a serine kinase in mammalian liver, pL-serine-3-C' 
was incubated with ATP, MgCl., and carrier P-1-serine, with 
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Fic. 3. Hydrolysis as a function of concentration of P#?-p- 
serine. The experimental procedures were similar to those de- 
scribed for Fig. 2. 
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TABLE II 
Competition of O-phospho-p-serine and O-phospho-t-serine 
Conditions of incubation and determination of the radioac- 
tivity of the P; released were similar to those of Fig. 2. The 
specific activity of the P*?-p-serine was 104,000 counts per umole 
and that of P%?-L-serine was 89,000. The final volume was 1.0 ml. 
in Experiment 1 and 3.0 ml. in Experiment 2. 


Radioactivit 
Substrates added 
c.p.m. 
Experiment 1 
2 umoles P*?-p-serine + 2 ymoles P-L-serine...... 275 
Experiment 2 
3303 
2 wmoles P*-L-serine + 2 wmoles P-p-serine...... 3385 
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0.5 Ke 2.0 
L-SERINE CONC. (M x1073) 

Fic. 4. Inhibition of hydrolysis of P-L-serine at varying con- 
centrations of L-serine. Conditions of the experiment and deter- 
mination of radioactive P; released were similar to Fig. 2, except 
that each tube contained 2 uwmoles of P*?-L-serine (86,000 counts 
per umole) and varying amounts of L-serine as shown in a final 
volume of 1.0 ml. 


whole homogenates of rat liver used as enzyme source. Frac- 
tionation of the reaction products on Dowex-1 revealed that 
about one-third of the labeled serine has been converted to 
P-serine. Further investigation showed that the reaction was 
catalyzed by a soluble enzyme and that ATP was not involved. 
AT P® labeled in the terminal phosphates did not form P*®-serine. 
Fractionation of the extracts revealed that the exchange reaction 
was associated with the hydrolysis of P-serine by a specific phos- 
phatase. 
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TaB_e III 
Specificity of phosphoserine phosphatase 
Each tube contained 20 wmoles of Tris buffer of pH 7.4, 16 
umoles of MgCle, 0.4 mg. of enzyme, and 4 wmoles of substrate as 


shown. The incubation was for 1 hour at 37°. The final volume 
was 1.0 ml. 
Substrate P; released 

Experiment 1 

Experiment 2 


TaBLe IV 
Requirement for magnesium 
Each tube contained 4 uwmoles of P-p-serine as substrate, 20 
pmoles of Tris buffer of pH 7.4, and 0.4 ml. of enzyme dialyzed 
against 0.02 m Tris buffer containing 0.001 ethylenediaminetetra- 
acetate to free it of magnesium. The incubation was for 1 hour 
at 37°. 


Additions | P; released 
pmoles 
TABLE V 


Enzymatic equilibration of L-serine with O-phospho-L-serine 

The conditions of incubation were as described in Table I. At 
the end of the experiment, each tube was boiled, the protein re- 
moved by centrifugation, and the supernatant solution concen- 
trated under a jet of air. The P-serine fraction was then sep- 
arated from free serine by chromatography on paper, with the 
use of 70 per cent ethanol containing 0.02 mM citrate buffer of pH 
4.8 as solvent. The spots containing the P-serine and serine were 
cut out and counted in a gas flow counter. The specific activity 
of the labeled serine was 135,000 counts per umole in Experiment 
1, and 131,000 counts per umole in Experiment 2. 


Percentage of 
radioactivity 


Substrates added conver ted to 


P-serine 
Experiment 1 | 
5 pmoles P-.L-serine + 1 | 31.5 
5 umoles of P-L-serine + 1 wmole p-serine-3-C!*” 1.7 
Experiment 2 
2 wymoles P-L-serine + 1 wmole pL-serine-3-C". .. . 19.1 
2 wumoles P-p-serine + 1 wmole 0.61 


The experiment shown in Table V indicates that free L-serine 
exchanges with P-L-serine under conditions in which free p-serine 
does not. Also, free L-serine exchanges with P-1-serine, but not 
with P-p-serine. In view of the evidence that P-p-serine uses 
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PERCENTAGE RADIOACTIVITY RECOVERED AS P-SERINE 


O.2 0.4 0.6 0.8 
UNITS OF EXCHANGE ACTIVITY 
Fig. 5. Conversion of L-serine-3-C' to P-L-serine as a function 

of enzyme concentration. Each tube contained 5 ymoles of P-.- 
serine, 0.50 wmole of L-serine-3-C' (130,000 counts per umole), 15 
umoles of MgCle, 20 umoles of Tris buffer of pH 7.4, and varying 
amounts of enzyme as shown in a final volume of 1.0 ml. The 
incubation was for 1 hour at 37°. The percentage of radioactivity 
recovered as P-serine was estimated as in the experiment de- 
scribed in Table V. 


the same site on the enzyme as P-L-serine (Table II), this result 
is surprising. A possible explanation will be considered in the 
discussion below. 

The percentage of radioactive serine which is converted to 
P-serine is dependent upon a number of factors including the 
ratio of the concentration of P-serine to serine and the amount 
of hydrolysis of the P-serine as well as the activity of the enzyme. 
However, conditions can be arranged in which the percentage of 
radioactivity converted to P-serine is a function of enzyme con- 
centration as shown in Fig, 5. The unit of exchange activity 
for this enzyme is arbitrarily defined as an amount of enzyme 
which leads to the recovery of 29 per cent of the total radioac- 
tivity as phosphoserine under the conditions described. 

Specificity of Exchange Reaction—A number of compounds 
were tested to determine whether the enzyme could catalyze 
the transfer of the phosphoryl group of these compounds to free 
labeled serine. These phosphorylated compounds included the 
following: phosphorylcholine, phosphorylethanolamine, —phos- 
phocreatine, ATP, UTP, CTP, GTP, a-glycerophosphate, 
B-glycerophosphate, fructose 1 ,6-diphosphate, glucose 6-phos- 
phate, and orthophosphate. None of these compounds could 
replace P-.-serine in the conversion of free labeled serine to 
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p-serine. A number of other compounds were tested to see 
whether the phosphate group of P-L-serine could be transferred 
to them, by incubating the suspected compounds with P-.-serine 
and labeled serine. If the compound were active, it should 
compete with the labeled serine and thus conversion of labeled 
serine to P-serine should be diminished. No such activity was 
detected with the following compounds: choline, ethanolamine, 
glycerol, glucose, threonine, creatine, fructose, or dephosphory]- 
ated phosvitin. This assay for phosphate acceptor compounds 
is not as sensitive as the assay for phosphate donors. 

Evidence that Hydrolysis and Exchange are Catalyzed by Same 
Enzyme—The following experimental observations support the 
conclusion that hydrolysis and exchange are catalyzed by the 
same enzyme. (a) The ratio of the two activities remains con- 
stant during fractionation. The ratio of hydrolysis activity to 
exchange activity was 1.5. (b) Both activities display the same 
heat stability. (c) Both activities require magnesium ions. (d) 
Both exhibit the same high substrate specificity, except that 
P-p-serine is an effective substrate for hydrolysis, but not for 
exchange. This point will be considered in the discussion. 

Other Properties of Enzyme—In their study of the closely simi- 
lar or identical enzyme from chicken liver, Neuhaus and Byrne 
(1) have established that the inhibition of the hydrolysis of 
P-serine by L-serine is not competitive and have shown that the 
pH optimum for exchange and hydrolysis is different. These 
points have not been further investigated in the present study. 


DISCUSSION 


The enzymatic reactions described are consistent with the 
following scheme for the mechanism of this specific phosphatase. 


P-L-Serine + enzyme =~ enzyme-P + L-serine 
Enzyme-P + — enzyme + Pj; 


At first it was thought that the failure of P-p-serine to act as 
a phosphate donor, although readily hydrolyzed at the same 
enzymatic site as P-L-serine, necessitated a more complex mecha- 
nism. The probable explanation of this fact, first suggested by 
Neuhaus,’ is that L-serine is, in fact, converted to P-L-serine 
during the hydrolysis of P-p-serine, but since the affinity of 
P-1-serine for the enzyme is about 1000 times greater than that 


L. F. Borkenhagen and E. P. Kennedy 853 


of P-p-serine, the newly formed P-.-serine is at once re-hydro- 
lyzed. In other words, the pool of P-p-serine cannot act as a 
trap for P-L-serine. This explanation requires that if P%-p-ser- 
ine and a pool of unlabeled P-.-serine are incubated in the pres- 
ence of L-serine, a slow transfer of radioactivity to P-.L-serine 
should take place. This experiment, although feasible, is tech- 
nically difficult. 

The failure of free p-serine either to inhibit the hydrolysis or 
participate in the exchange reaction is probably due to the much 
lower affinity of p-serine than L-serine. 

Examples of phosphatases which also carry out transfer or ex- 
change reactions are now well known, but the exchange reaction 
described here has several novel aspects. Usually, rapid ex- 
change or transfer is catalyzed only by nonspecific phosphatases 
(11, 12), whereas the phosphoserine phosphatase is highly spe- 
cific. Furthermore, usually a very high concentration of accep- 
tor is needed to compete with water in the hydrolysis, whereas 
low concentrations of L-serine are quite effective here. 

Koshland (13) has discussed the criteria for deciding whether 
a given enzymatic reaction proceeds by a double displacement 
mechanism. The rate of exchange and the high degree of speci- 
ficity of the P-serine phosphatase meet these criteria, offering 
support but not conclusive proof for the postulated mechanism. 

The possibility was considered that the hydrolytic actions of 
the enzyme might be, in a sense, an artifact and that the true 
function of the enzyme in vivo might be to carry out the transfer 
of phosphate to some other acceptor, but no such compound 
has as yet been found. 

In our experiments, as in those of other laboratories,? no evi- 
dence for a serine kinase utilizing ATP could be found. 


SUMMARY 


This paper describes the partial purification and some proper- 
ties of a specific phosphoserine phosphatase from rat liver which 
catalyzes the hydrolysis of phospho-L- or phospho-p-serine and 
a rapid exchange of labeled free L-serine with phospho-t-serine. 
The enzyme is highly specific and requires magnesium ions for 
activity. The mechanism of the reaction, which probably pro- 
ceeds by a double displacement with a phosphorylated enzyme 
intermediate, is discussed. 
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Rats fed a diet supplemented with L-cystine excrete in the 
urine taurine, hypotaurine (1-3), and possibly cystamine disulf- 
oxide (4), although the excretion of the last mentioned compound 
is not certain (3). It was recognized earlier (1) that paper 
chromatograms of the urine of these rats showed another nin- 
hydrin-pysitive spot which moved more rapidly than did taurine 
in collidine-lutidine solvent. The natureof thenew compound was 
not investigated because it did not appear in all chromatograms 
and because it represented only a small fraction of the sulfur 
compounds excreted. More recently, an unknown cystine 
metabolite has been observed by chromatography by Awapara 
in the organs of rats treated with injections of S**-cystine (5). 
We have now accumulated evidence for the identification of the 
new compound as the thiosulfonate analogue of taurine, amino- 
ethylthiosulfonate Following 
Sérbo (6), the term thiotaurine will be retained for this com- 
pound. 


EXPERIMENTAL 


The following compounds were prepared in this laboratory: 
cysteine sulfinic acid (7), cysteic acid (8), cysteinesulfonate (9), 
alaninethiosulfonate (10), cystine disulfoxide (11), cystamine 
disulfoxide (12), hypotaurine (13), lanthionine (14, 15), lan- 
thionine sulfoxide (15), lanthionine sulfone (16), lanthionamine 
(17), lanthionamine sulfoxide (17). Cysteaminesulfonate was 
prepared by treatment of cystamine solutions with excess sodium 
bisulfite before the chromatographic run. The synthesis of 
thiotaurine will be described in the text. The remaining prod- 
ucts were obtained commercially. 

Paper chromatography was performed using Whatman No. 4 
paper. The solvents were phenol saturated with water and a 
mixture of equal volumes of collidine and lutidine, saturated 
with 1 volume of water. In the two-dimensional chromatog- 
raphy the-phenol solvent was used first. 

Male rats of the Wistar strain weighing 200 to 300 gm. were 
placed in pairs in metabolic cages and given the basal diet pre- 
viously described (18). When desired, the animals were given 
a diet of the same composition supplemented with 6 or 12 per 
cent of L-cystine. The urine was collected over 2 ml. of 2 Nn HCl 
every 24 hours and diluted to 40 ml. with water. 

Urinary thiosulfonate was determined by cyanolysis as de- 
scribed by Sérbo (6). This reaction did not give values that 


* This work has been assisted by a grant of the Rockefeller 
Foundation to the laboratory. It forms a part of a research pro- 
gram on the biochemistry of sulfur compounds sponsored by the 
Consiglio Nazionale Ricerche Nucleari. 


were proportional to the amount of urine tested. Better propor- 
tionality was obtained by using twice the amount of the reactants 
employed by Sérbo and a sample of urine not exceeding ,}; of 
the 24-hour sample. Nevertheless, the results obtained when 
this method was applied to urine were only semiquantitative. 


RESULTS AND DISCUSSION 


Detection of New Compound on Paper Chromatograms—The 
purpose of the first part of this work was to obtain the reproduce- 
able appearance of the new spot on the chromatograms of the 
urine of rats. It was soon recognized that this spot was invariably 
present on the chromatograms when ;}, of the 24-hour urine 
specimen of two rats receiving the diet containing 6 per cent 
cystine was spotted on the paper. The compound appears as 
a ninhydrin-positive elongated spot above the position of taurine. 
Although the position of this compound in the chromatogram 
is definite, with this relatively large sample of urine the chroma- 
tograms are distorted and somewhat confused, possibly because 
of the effects of large amounts of taurine, salts, and other com- 
pounds. When the dietary cystine was increased from 6 to 12 
per cent, the spot was easily detected with 5}, and even with 
g}y Of the 24-hour sample of urine. Accordingly, most of the 
work was performed using the higher level of dietary cystine. 

Fig. 1 illustrates a typical chromatogram made with 5},5 of 
of the 24-hour urine sample of two rats on the diet containing 12 
per cent cystine. The spot marked 3 is the one under study in 
the present paper; it will be referred to as compound 3 in this 
paper. Unless the rats were given extra cystine this spot was 
not seen, even when more urine was used for chromatography. 

Elution of Compound 3 and its Conversion to Taurine—The area 
presumed to contain compound 3 was cut from 6 chromatograms 
similar to that illustrated, and the remaining paper was developed 
with ninhydrin in order to ascertain that most of the compound 
was removed and that it was not contaminated with taurine. 
All of the paper fragments were eluted with water, the eluates 
were pooled, and the resulting solution was divided into two 
portions. The first was used as a control and was rechroma- 
tographed without further treatment. The second was treated 
with 1 ml. of 30 per cent hydrogen peroxide in the presence of a 
trace of ammonium molybdate (Dent (19)) and then rechroma- 
tographed. The first chromatogram showed compound 3 un- 
changed, whereas the second showed only taurine. This result 
suggests that compound 3 is a sulfur derivative of ethylamine 
which is not identical with taurine. 

Cysteamine, cystamine, cystamine disulfoxide, and hypo- 
taurine are all sulfur derivatives of ethylamine easily converted 


854 


April 1959 


to taurine by hydrogen peroxide; nevertheless, none of these 
possesses the chromatographic coordinates of compound 3, a 
fact that suggests that the sulfur-containing moiety of compound 
3 has an unusual structure. 

Determination of Oxidation Level of Sulfur Compounds on Paper 
Chromatograms—Procedures for the detection of sulfur-contain- 
ing compounds on paper chromatograms have occasionally been 
reported in the literature. By appropriate use of these proce- 
dures, together with another devised for that purpose in the 
present paper, it is possible to establish the degree of oxidation 
of the sulfur group of an organic sulfur-containing compound 
found on a paper chromatogram. A summary of these reactions 
as applied to a group of representative sulfur compounds is seen 
in Table I. The reactions are performed as follows. 

1. Folin-Marenzi Reaction on Paper (a, 6) (20)—The dried 
paper is sprayed with the Folin reagent diluted with 4 volumes 
of water. The paper, when still wet, is then passed over fumes 
of concentrated ammonia which has been poured in a large dish. 
The Folin-Marenzi reaction with bisulfite is performed similarly 
to the above procedure except that the Folin reagent is diluted 
with 4 volumes of 10 per cent sodium bisulfite. A positive reac- 
tion is shown by the appearance of a blue spot which persists for 
many days. The reaction is sensitive to 5 ug. of cysteine or 
cystine. 

2. KI + HCl Reaction (c)—A fresh solution of 20 gm. of KI 
in 100 ml. of 2 N HCl is sprayed on the dried paper (1). The 
reaction appears slowly within an hour in the form of a red- 
brown spot on a yellow background. It is produced by the oxi- 


dation of HI to free iodine by some partially oxidized sulfur 


derivatives which in the same time are reduced to a lower level 
of oxidation. The limit of sensitivity is 5 ug. of cysteinesulfinic 
acid or hypotaurine. 

3. Reaction with FeCl; (d) (3)—This reaction is specific for 
the sulfinic group, it is not very sensitive (30 ug. of hypotaurine 
are required), and does not appear if the paper contains traces 
of collidine-lutidine. A suitable amount of the suspected com- 
pound is eluted from the chromatogram, dried on another paper, 
and sprayed with a solution of 10 per cent FeCl;. By this 
procedure a positive reaction is obtained even after the use of 
collidine-lutidine solvent and appears as a rusty spot on a yellow 
background. 

4. HgCl, Reaction (e)—After evaporation of the solvent the 
paper (preferably strips of paper) is sprayed with a 2 per cent 
solution of HgCl. mixed with an equal volume of 0.1 m sodium 
acetate buffer of pH 5. After 2 minutes the paper is immersed 
in a tank of running tap water in such a way that it is completely 
immersed in a vertical position without touching the walls of 
the tank. After 15 minutes of thorough washing the paper is 
immersed in a vessel containing H.S-saturated water. A black 
spot appears in a few seconds at the position occupied by a 
compound able to produce an insoluble complex with Hg. 

5. Iodoplatinate Reaction (f)—This reaction is used following 
the procedure indicated by Toennies and Kolb (21). 

When the above tests were applied to our chromatograms, 
compound 3 gave strongly positive reactions only with KI + 
HC!, HgCl., and iodoplatinate reagents; all of the other reactions 
were clearly negative. As shown by Table I this sequence of 
reactions is given by the following sulfur compounds: R—SO,— 
S—R, R—SO—R, R—SO.—SH. The first two of these struc- 
tures could not be ascribed to compound 3 since cystamine 
disulfoxide and lanthionamine sulfoxide have different chroma- 
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collidine-lutidine 


phenol <— 


Fic. 1. Two-dimensional chromatogram of 34, of the urine of 24 
hours of two rats on a diet supplemented with 12 per cent cystine. 
Sample applied on the right lower corner. The phenol front was 
run from right to left; that for collidine-lutidine, upward. 1, 
taurine; 2, hypotaurine; 3, presumed thiotaurine. 


TaBLeE I 
Detection of sulfur derivatives on paper chromatograms 


Folin-Marenzi 
Without | With Hcl timate 
bisulfite | bisulfite 

a | b ¢ d e f 
R—SO,—SH........ | + 4 
R—S—R........... | +2} + 
| = + + 


*R represents CH.z—CH(NH2)—COOH or CH:—CH.—NH:. 

t Reaction for these compounds when spotted on the paper. 
During chromatography they are changed to R—SO.H + R—S— 
S—R. 


t Other thioethers like methionine and carboxymethyleysteine 


give negative tests. 
§ Other sulfoxides like methionine sulfoxide give negative test. 
€ Only lanthionine sulfone has been assayed. 


tographic coordinates. On this basis it was tentatively con- 
cluded that compound 3 was the thiosulfonate analogue of 
taurine; 2.e. thiotaurine. 

Preparation of Thiotaurine—A sample of synthetic thiotaurine 
was needed to support the identification of compound 3 as 
thiotaurine. Thiotaurine had not previously been prepared; 
its occurrence in a biological medium had been suggested by 
Sérbo on the basis of studies on transulfuration of hypotaurine 
(6) in liver homogenates. Since Sérbo had been able to prepare 
alaninethiosulfonate by dismutation of cystine disulfoxide by 
HS (10), we attempted the preparation of thiotaurine by apply- 
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ing the same reaction to cystamine disulfoxide. For this pur- 
pose, 50 mg. of cystamine disulfoxide dihydrochloride (12) dis- 
solved in 1 ml. of water were treated for 1 hour with a stream 
of HS. The solution was then aerated for 15 minutes to remove 
excess H.S. Paper chromatography in two dimensions showed 
the presence of taurine, hypotaurine, cystamine, and another 
spot in the area of spot 3. When this spot was eluted from the 
paper, the eluted compound gave the reactions described by 
Sérbo for a thiosulfonate derivative. A mixed chromatogram 
made with the urine of rats fed with cystine and the dismutation 
product of cystamine disulfoxide by H2S, showed that compound 
3 and the thiosulfonate derivative produced in the dismutation 
reaction exhibited identical chromatographic behavior. 

Pure crystalline thiotaurine was prepared as follows. A solu- 
tion of | mmole of hypotaurine in 1 ml. of 0.2 Nn NaOH was 
added to 1.5 mmoles of sulfur and refluxed with 20 ml. of ethanol. 
After boiling for 2 hours the solution was placed at —20° over- 
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Fic. 2. Two-dimensional chromatogram of ,}, of the urine of 24 
hours of two rats on a diet supplemented with 12 per cent cystine, 
added with a synthetic sample of pure thiotaurine. The same 
conditions as in Fig. 1; 50 wg. of thiotaurine have been added to 
the sample before chromatography. 
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Fic. 3. Cyanolysis reaction for thiosulfonate (6) applied to 0.5 
ml. of the 24-hour urine collection of two rats on a diet with and 
without added 12 per cent cystine. 
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night. The crystalline precipitate obtained was washed with 
carbon disulfide to remove unchanged sulfur. It was then 
recrystallized by dissolving it in the minimal amount of water 
and adding 30 ml. of absolute ethanol. After a day at —20°, 
0.7 mmoles of pure crystalline thiotaurine were collected. M_p. 
was 213-214°. 


Calculated: N 9.9, S 45.4 
Found: N 9.6, S 45.6 


Cyanolysis of the synthetic product gave products consistent 
with the expected properties of pure thiotaurine. Other details 
of the preparation and of the properties of the compound are 
described elsewhere (22). Synthetic thiotaurine was indistin- 
guishable from compound 3 on paper chromatography. Fig. 2 
describes a chromatogram of the urine of rats fed cystine added 
to 50 ug. of synthetic thiotaurine. In this chromatogram, which 
may be compared with that of Fig. 1, spot 3 is much larger and 
no separation into two components may be observed in either 
direction. 

Cyanolysis Reaction on Eluted Compound and on Urine— 
Gutman (23) has shown that thiosulfonate derivatives yield 
thiocyanate when treated with cyanide in alkaline medium. 
This reaction has been used as a qualitative and quantitative 
method for the estimation of thiosulfonates even in the presence 
of thiosulfate (6). When compound 3, eluted from the paper 
by a procedure similar to the one described above, was cyanolysed 
according to Sérbo (6), a strong positive reaction was obtained. 
Furthermore, paper chromatography of the reaction mixture 
showed that compound 3 was totally converted into hypotaurine 
by cyanolysis. The release of thiocyanate and hypotaurine by 
cyanolysis is consistent with the formulation of equation 1. 


+ CN- 4a) 


The reaction of cyanolysis was then applied to the urine in 
order to establish the occurrence of thiotaurine before the 
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Fic. 4. Ion-exchange chromatogram by the method of Stein 
(23) with the use of citric acid as eluent (2) of the urine of rats 
on a diet containing 12 per cent of cystine. Fractions analyzed 
by cyanolysis according to Sérbo (6). The blank values have 
been subtracted. @, 5 ml. of 24-hour urine of two rats; O, the 
same sample of urine added with 600 ug. of synthetic thiotaurine. 
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chromatographic run. Although, as already stated, the proce- 
dure when applied to urine is not rigorously quantitative, we 
obtained consistent data regarding the excretion of a thiosul- 
fonite derivative after ingestion of cystine. The result of one 
of these experiments is shown in Fig. 3. This finding has partic- 
ular interest since it excludes the possibility of an artificial 
origin of thiotaurine during the course of the chromatographic 
manipulations. The values obtained indicate an excretion of 
approximately | to 2 mg. per day per rat, which is in good agree- 
ment with the amount calculated by the visual evaluation of the 
intensity and area of the chromatographic spot, and with the 
more precise data obtained by column chromatography. 

Column Chromatography—When submitted to the Stein tech- 
nique (24) for the analysis of amino acids as adapted by Cavallini 
et al. (2) to the determination of the oxidation products of 
cystine and cystamine, synthetic thiotaurine gives a typical 
peak which falls in the same area occupied by taurine. Never- 
theless, it is possible to detect thiotaurine in the presence of a 
large amount of taurine when the cyanolysis reaction is used 
instead of the ninhydrin reaction. Fig. 4 gives the first part of 
a chromatogram, made by the Stein technique using citric 
acid-NaCl solution as eluent (2), of 5 ml. of urine of rats fed 
with cystine. By this very selective technique a compound 
with the properties of thiotaurine is detected in the urine of 
rats. The amount of thiotaurine in the sample analyzed indi- 
cates an excretion of 1.12 mg. of thiotaurine per rat per day. 

Moreover column chromatography permits exact determina- 
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tion of the amount of thiocvanate released by cyanolysis of 
natural thiotaurine. This determination, deemed necessary 
to confirm in the natural product the presence of only 1 atom of 
sulfur removable by cyanide, was made as follows. A sample 
of natural thiotaurine was obtained by elution of a number of 
chromatograms. The content of thiotaurine in the pooled 
eluates was estimated by column chromatography using the 
ninhydrin reagent and a solution of synthetic thiotaurine as 
standard. The amount of thiocyanate released by cyanolysis 
was found by subjecting an aliquot of the eluates to the proce- 
dure of Sérbo (6). The following results were obtained: thio- 
taurine, 1.78 uwmoles; SCN~ released, 1.70 These 
values indicate that natural thiotaurine contains | atom of 
removable sulfur per mole. 


SUMMARY 


An unknown sulfur-containing compound has been detected 
in the chromatograms of urine of rats fed a diet supplemented 
with L-cystine. The compound is readily converted to taurine 
by hydrogen peroxide. A thiosulfonate structure was suggested 
by application of a number of reactions devised for determining 
the level of oxidation cf organic sulfur groups. Synthetic 
thiotaurine, the thiosulfonate analogue of taurine, was indistin- 
guishable from the unknown compound by paper and ion ex- 
change chromatography. These and other properties support 
the conclusion that the unknown is thiotaurine (aminoethyl- 
thiosulfonic acid). 
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Serotonin has assumed an important role as the focal point 
about which much current neurochemical investigation is cen- 
tered. The fact that its methylated derivatives and some com- 
pounds which antagonize its action can cause hallucinations has 
even led to the hypothesis that some defect in the body’s ability 
to metabolize serotonin might be the underlying cause of schizo- 
phrenia. Yet relatively little is known about its metabolic fate 
in the body and 5-hydroxyindoleacetic acid, the product of 
oxidative deamination, is the only metabolite so far established 
(1). Although 5-hydroxyindoleacetic acid is allegedly the major 
- metabolite, it represents only 33 per cent in the rat, 20 per cent 
in man, and 1.5 per cent in the rabbit, of administered serotonin 
(2). Experiments in vitro with rat liver and kidney preparations 
have also shown that less than 30 per cent of serotonin is con- 
verted to 5-hydroxyindoleacetic acid (1). Other pathways of 
metabolism have been suggested (3) and some unidentified in- 
dole derivatives in urines of patients with carcinoid syndrome 
and perfused rat livers have been reported (4-6). In addition, 
Chadwick and Wilkinson (7) have provisionally identified a 
metabolite of 5-hydroxytryptamine in rat liver homogenates as 
being the ethereal sulfate derivative and the oxytocic activity 
of normal human urine has been attributed to the presence of 
unchanged 5-hydroxytryptamine and its methylated derivatives 


(8). 
EXPERIMENTAL 


Materials and Methods 


sulfate (see 
Fig. 5), with an activity of 184 we. per gm., was prepared from 
material with a specific activity of 2 mc. per gm. by a 10-fold 
dilution with nonactive material and recrystallization to constant 
specific activity. 

5- Hydroxytryptamine-O, N -dibenzoate: 5-Hydroxytrypta- 
mine creatinine sulfate, 0.5 gm., was benzoylated with 2.2 equiv- 
alents of benzoyl chloride and the resulting precipitate recrys- 
tallized from 75 per cent ethanol to vield 0.25 gm. of 
5-hydroxytryptamine-O ,.V-dibenzoate as colorless needles, m.p. 
172-3°. (Found C 74.92, H 5.25, N 7.29; C2;HigOsNe2 requires 
C 75.16, H 5.0, N 7.31 per cent.) 

N -acetyl-5-hydroxytryptamine: Acetylation of 5-hydroxy- 
tryptamine by standard methods was found to give a mixture 
of N-acetyl- and O,N-diacetyl-5-hydroxytryptamine. The 
former could be distinguished chromatographically by virtue of 
its free hydroxyl group and was found to have an Rp of 0.75 in 
Solvent A (See Table I). 


* The authors wish to thank Mrs. Gertrude H. Britton, whose 
generous financial support enabled this study to be undertaken. 


Synthesis of the N-acetyl derivative was attempted by acetyla- 
tion (glacial acetic: acetic anhydride, 1:1) of 5-hydroxytryp- 
{amine benzyl] ether, 500 mg., (Rr 0.8 in Solvent A) to give 200 
mg. of vellow crystals of 5-benzyloxy-38-N-acetylaminoethyl- 
indole (Ry 0.54 in Solvent A). Debenzylation in ethanolic 
solution was accomplished with 10 per cent palladium-charcoal 
as a catalyst and hydrogen at room temperature for 2 hours. 
After removal of the catalyst the filtrate was evaporated at re- 
duced pressure to leave a clear gum. Paper chromatography 
revealed the gum to be an indole with a free hydroxyl group, 
Ry 0.71 and 0.81, in Solvents A and B respectively, presumably 
N-acetyl-5-hydroxytryptamine. Attempts to crystallize the 
gum, however, were unsuccessful.! 

5-Hydroxvindoleaceturic acid: An attempt was made to syn- 
thesize 5-hydroxyindoleaceturic acid from 5-hydroxyindoleacetic 
acid, 250 mg., and glycine ethyl ester hydrochloride, 180 mg., 
by the method of Sheehan and Hess (9). Attempts to crystallize 
the glycine conjugate from the reaction mixture failed but the 
presence of a phenolic indole derivative was demonstrated chro- 
matographically with Ry 0.23 and 0.86 in Solvents A and B 
respectively.! This was shown to be 5-hydroxyindoleaceturic 
acid since it gave an orange spot when sprayed with p-dimethyl- 
aminobenzaldehyde in acetic anhydride demonstrating azlactone 
formation which is characteristic of aceturic acids (10). This 
reaction was not given by 5-hydroxyindoleacetic acid or any 
of the other metabolites. 

Animals—Female Wistar rats of 200 to 250 gm. and female 
rabbits of Dutch or albino strains weighing 2.5 to 3 kg. were used. 
Serotonin and 5-hydroxyindoleacetie acid in aqueous solution 
were administered by intraperitoneal injection unless otherwise 
stated. Animals were fed on a standard diet with water ad 
libitum and kept in metabolism cages while under experiment. 

Analytical Methods—Glucuronic acid and ethereal sulfate in 
urine were determined by the methods of Paul (11) and Sperber 
(12), respectively. Results are given in Table VI. 5-Hydroxy- 
indoleacetic acid was measured colorimetrically (13) and serotonin 
fluorimetrically (14). For all fluorimetric determinations an 
Aminco-Bowman spectrophotofluorimeter was used. 

Chromatographic Methods—For the detection of metabolites 
in urine and urine extracts descending chromatography with 
Whatman No. 1 or No. 4 paper was used. The solvents, Rr 
values and color reactions of reference compounds employed are 
given in Table I. Radioactive chromatograms were used to 
produce radioautographs. 

For partial fractionation of metabolites, an aluminum oxide 
column 2 * 25 cm. was employed (8). Further fractionation 


' Similar difficulties in obtaining crystalline derivatives of 
serotonin have been encountered by other workers (29). 
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TABLE I 
Rp values and color reactions of some compounds related to 5-hydroxrytryptamine 


Solvent systems used were: A, propan-l-ol saturated with aqueous. 


NH; solution with Whatman No. 1 paper run for 14 hours; B, 


n-butanol-acetie acid-water (4:1:5) with Whatman No. | paper run for 14 hours; C, ethyl methy! ketone-2-N-NH; solution (2:1) with 


Whatman No. 4 paper run for 3 hours. 


For excitation of fluorescence an unfiltered ultraviolet lamp was used; Q means the background 


fluorescence of the paper was quenched. The sprays used for detecting compounds on paper were: Gibbs’ reagent, consisting of 2 
per cent ethanolic solution of 2,6 dichloroquinonechloroimide followed by saturated aqueous NaHCO;; Naphthanil diazo blue B 


(tetrazotized di-o-anisidine) 3 per cent solution plus borate buffer pH 9. 


0.5 per cent solution in 1.5 N HCL. 


(3:2); Ehrlich’s reagent, p-dimethvlaminobenzaldehyde 


Re values in solvent 


Color of spots on paper with 


Dihydroxy phenylalanine............................. 0.06 
0.73 
0.92 
5-Hydroxyindole-3-acetic acid. 0.15 
0.75 
5-Benzyloxy-38-N-benzyl N-methylaminoethylindole..| 0.90 
0.89 
5-Benzvloxvyaminoethylindole 0.80 
5-Benzyloxy-38-N -acetvlaminoethylindole............. 0). 54 
5-Hydroxyindoleaceturic 0.23 


0 
0 
0 


Fluorescence 


97 | 0.97 Pink Red Brown 
95 0.12 | Purple None 
95 | 0.19 Purple None | None 
95 | 0.26 | Blue None None 
43 | 0.56 — Brown | None 
62 =0.08 Light blue Pink None None 

42 0.03 Light blue Blue | Blue Blue 
33 0.00 Blue Pale green — Blue None 

70 0.94 Purple Yellow 
of 0.86 Light blue Blue Blue Blue 
49s 0.83 Light blue Blue Blue Blue 
62 0.91 Light blue Blue Blue Blue 
SO 0.03 Light blue Blue Blue Blue 
81 0.86 Blue Blue 

59 0.15 Blue Blue Blue 
51 0.34 Purple 
76 0.09 Q Purple : | 

90 0.97 Blue None None 
0.97 Blue None None 
Sl Blue None None 
74 | 0.64 Blue None 
Blue Blue 


0 


Blue 


was accomplished with a BW-200 (Brown Company) cellulose 
column 2 X 25 cm. with the use of a one-phase solvent system 
of n-propanol saturated with ammonia. 

For final fractionation separation on Whatman No. | paper 
with the solvents described in Table I was followed by ethanolic 
elution of strips. After removal of the ethanol at reduced pres- 
sure, aqueous solutions of the residues were employed for fluori- 
metric and pharmacological tests. 

Measurement of Radioactivity—Measurements were carried 
out on solid samples of “infinite thickness” on nickel planchetes 
with an end window counter tube, the background of which was 
20 to 25 ¢.p.m. The specific activities were determined by com- 
parison with a stable polymer reference. A sample of 1 sq. em. 
containing 0.1 uc. of C™ per gm. of substance gave approximately 
270 ¢.p.m. 

Urine and Tissues—Since it has been shown by Parke (15) 
that there is no significant difference in the results obtained by 
wet combustion of urinary residue to BaCO ; (16) and those ob- 
tained by counting the solid residue obtained by evaporation of 
the urine directly on the planchetes under infrared lamps, the 
latter method was emploved. 

The radioactivity of the tissues was measured in a similar way 
by drying tissue homogenates directly on the planchetes. The 
results for the various tissues are shown in Table II; Fig. 1 
shows the average rate of elimination of radioactivity in the urine. 

Pharmacological Methods—Pharmacological characterization 


of serotonin and its derivatives was accomplished with the use of 
the oxytocic response of the isolated estrus rat uterus and the 
antagonism of this response by lysergic acid diethylamide and 
its bromo derivative. The tissue was suspended in an oxygen- 
ated organ bath containing Tyrode solution at 30°. 


RESULTS 


Rate of Excretion and Distribution in Tissues of Administered 
5-H Sulfate—The rate of ex- 
cretion of metabolites in the urine and feces after administration 
of 5-hydroxytry ptamine-6-C'-creatinine sulfate to rats and rab- 
bits was measured by the activity present (Table I1). More 
than 50 per cent of the activity appeared in the urine within 24 
hours and the rate of elimination is shown graphically in Fig. 1. 

Excretion of a small part of the dose in the feces was established 
not by the activity of the feces alone, which may have been sub- 
jected to urinary contamination, but also by the activity of the 
lower gut contents. 

The percentage distribution of a dose of exogenous serotonin 
in the tissues of rats and rabbits is given in Table II. 

Identification of Metabolites—In a preliminary experiment one 
rat was dosed with 10 mg. of C'-5-hydroxytryptamine (200 yc.) 
and three rats with 10 mg. each of nonactive material. The 
24-hour urines were collected, combined, and acetone extracted 
by the methed of Bumpus and Page (8). Chromatography 
(Solvent A) of the concentrate revealed the presence of seven 


A 
0 


TABLE II 
Distribution in tissues and excretion of (C'*) 


Metabolism of Serotonin (5-H ydroxytryptamine) 


§-hydroxytryptamine 


Rats Rabbits 
Animal No. 
1 4 5 
Weight 270 «260 2,500 2,500 
Dose of (C4) 5-hydroxy- | | 
tryptamine creatinine | | | 
| % in 
2.9 | 6.25, 3.27, 69.1 | 71.09 
44.8 18.8 | 66.3 | 13.6 6.12 
«55.8 | 25.05 72.09 91.95) 98.91 
eS | 3.5 | 0.41 5.33 0.46 0.15 
Stomach contents......... | 0.01 0.0 0.46 
| | 0.10 
| 2.4 0.13 0.0 
Blood-tred cells............ 0.53 0.61 
0.50 °2.80 O 38 0.0 
0.20 0.44 0.05 0.08 
| | | 
| 67.72 32.98 79.88 97.23 


| | 


“* This animal died 48 hours after dosing. 


Percentage 
excretion 
80 
7 
40-71 
2044 
48 
x 
tad 72 


Time hours 


Fic. 1. Average urinary excretion of radioactivity following 
the administration of C'* serotonin to rats, XK ——X, and rabbits, 


indole spots and radioautography showed three of these to be 
radioactive (Fig. 2). These were 5-hydroxyindoleacetic acid, 
Ry 0.15; 5-hydroxytryptamine, Rr 0.48, and N-acetyl-5-hydroxy- 
tryptamine, Ry 0.75. The 5-hydroxyindoleacetic acid spot ap- 
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peared to be separating into two components and an eluate of 
this area was resolved in Solvent B into two spots, 5-hydroxy- 
indoleacetic acid, Rr 0.8, and 5-hydroxyindoleaceturic acid (posi- 
tive azlactone spot Re 0.84). 

Further evidence for the formation of 5-hydroxyindoleaceturie 
acid was obtained by dosing three rats, each with 40 mg. of 
5-hydroxyindoleacetic acid. The 24-hour urines were collected 
and found to give a blue color with 2,6-dichloroquinonechloro- 
imide but did not give a positive naphthoresorcinol reaction, 
Chromatography of these urines disclosed two indole metabolites 
which proved to be 5-hydroxyindoleacetic acid, Rr 0.8, and 
5-hydroxyindoleaceturic acid, Rr 0.85 (Solvent B), the latter 
giving a positive azlactone reaction (10). 

The presence of two other metabolites was observed in the 
urine of Rat 1 (Table II). The 24-hour urine was ether extracted 
at pH 5 and 8. The extracts and aqueous residue were chro- 
matographed and radioautographs obtained (Fig. 2). These 
showed the presence of 5-hydroxyindoleacetic acid and N-acetyl- 
5-hydroxytryptamine in the acid extract, little or nothing in the 
basic extract, and four other metabolites in the aqueous residue. 
Removal of the 5-hydroxyindoleacetic acid by extraction left 
the 5-hydroxyindoleaceturic acid, Ry 0.23, in the aqueous layer, 
In addition there was some 5-hydroxytryptamine, Ry 0.48, and 


Fic. 2. Radioautographs of indole extracts from, left, rat 
urine, and right, rabbit urine. The extract from rat urine has 
been divided into an ether fraction, extreme left, containing 5- 
hydroxyvindoleacetic acid and N-acety]-5-hydroxytryptamine; and 
an aqueous fraction containing the other metabolites. 


| 
4 
ig 
‘ Re 
i 
’ 
e 
4 
+ 


April 1959 


two small spots at Rr 0.35 and 0.60 which gave positive color 
reactions for indoles. The latter of these also gave a blue color 
when sprayed with 2,6-dichloroquinonechloroimide or tetraz- 
otized o-dianisidine (Table I) and a red color with diazotized 
sulfanilic acid, showing it to be a hydroxy indole with an intact 
amino group in the side chain. Yet its chromatographic proper- 
ties and fluorescent spectra (A activation 305 my and X emission 
360 my with maximal sensitivity at pH 7) showed that it was 
not unchanged serotonin (Table III). The most probable struc- 
ture to fit these observations would be that of an oxidative prod- 
uct of serotonin, either an oxindole or dihydroxy derivative. The 
results of color tests for dihydroxy indoles, however, proved 
inconclusive. 

Quantitative estimations had shown some increase in the ex- 
eretion of glucuronic acid after administration of serotonin and 
the possibility that the former of these metabolites might be a 
glucuronide was confirmed in the following manner. Five rats 
were dosed with 20 mg. each of C-5-hydroxytryptamine, the 
24-hour urines collected and subjected to the systematic lead 
acetate precipitation method (17), and a small amount of glu- 
curonide gum obtained from the basic lead acetate precipitate. 
A naphthoresorcinol reaction on the gum was masked by an 
intense red color which developed in the aqueous phase. The 
residual gum was chromatographed and showed the presence of 
two indoles, Rr 0.35 and 0.5 (Solvent A). The latter proved to 
be serotonin but the former gave a negative Gibbs’ reaction (See 
Table I) showing that the hydroxyl group was not free. An 
eluate of this indole was found to be radioactive and to give a 
positive naphthoresorcinol reaction, indicating that it was the 
ether glucuronide of 5-hydroxytryptamine. 

The metabolic fate of serotonin in the rabbit was elucidated in 
a similar fashion with the urines obtained from Animals 4 and 5 
(Table II). Autoradiography and chromatography disclosed 
the major metabolite to be 5-hydroxyindoleaceturic acid (pos- 
itive azlactone spot Rr 0.23 and 0.84 in solvents A and B, re- 
spectively), with some free 5-hydroxyindoleacetic acid. Small 
amounts of serotonin and its N-acetyl derivative were also pres- 
ent (Fig. 2). 

Quantitative Results—Since many of the possible metabolites 
were difficult to obtain in sufficient quantity for standard isotopic 
dilution techniques, quantitative estimation of metabolites had 
to be made by scanning radioactive chromatograms with a sensi- 
tive end-window counter and plotting the activity against Re 


values. The percentage excretion of different metabolites could 
TABLE III 
Fluorescent spectra 
Activa- | Fluores- 
tin max-| cent | | sensitivity 
pg./ml. 
280 355 7 0.002 
5-Hydroxytryptophan.......... 310 350 7 0.005 
5-Hydroxytryptamine.......... 295 540 2 0.003 
5-Hydroxyindole-3-acetic acid..| 300 355 7 0.002 
N-methyl-5-hydroxytryp- 
N-dimethyl-5-hydroxytryp- 
N-acetyl-5-hydroxytryptamine | 310 370 7 0.001 
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TABLE IV 


Elimination of metabolites of serotonin in urine of animals 
receiving 5-hydroxytryptamine-B-C'4 


Rp (sol- Experiment No. 
vent A) 
0 1 3 4 
5-Hydroxyindoleacetic acid....| 0.15 43.5 25 34 8 5 
5-Hydroxyindoleaceturic acid..| 0.23 14.6 3 78 
5-Hydroxytryptamine glucu- 

0.35 trace | trace | 0 
5-Hydroxytryptamine......... 0.48 | 5.5 7.3 9.4 2 
? Oxidation product........... 0.60 3.5 2.5 5 
N-acetyl-5-hydroxytryp- 

0.75 11 5 25.4 2 
Sum of metabolites = total 

activity of urine............ _, 60 55.4 | 72.1 | 92 


TABLE V 


Quantitative aspects of conjugation of 5-hydrorytryptamine 
and 5-hydroryindoleacetic acid 


Conjugation (% of dose) witht 
Compound Animals Dose* 
Glucuronic acid |Ethereal sulfate) 
mg./kg. 
5-Hydroxy- 
tryp- 
tamine....| Rats 80 | 10 (0 to 30) | 2.4(0to04.4)) + 
5-Hydroxy- 
tryp- 
tamine....| Rabbits 50 4 (0 to 12) ++ 
5-Hydroxy- 
indoleace- | 
tic acid.. .| Rats 250 0 (0 to 0) 0 (—3.6 + 
to +6.6) 


* This represented the maximal dose which could be well tol- 


erated. 
t Results are quoted as the average for three animals, with 


range in parenthesis. 
t Demonstrated chromatographically by colored azlactone 


formation (10). 


then be calculated (Table IV) since the total activity of the urine 
had previously been estimated (Table II). This method was 
satisfactory for the acetone extracts which were found to contain 
the total activity of the urine. However, in order to estimate 
the percentages of 5-hydroxyindoleacetic and -aceturic acids, 
which by this method were counted together, their Rr values in 
Solvent A being very similar, use was made of the greater ether 
solubility of the unconjugated acid. In Experiments 1 and 4, 
therefore, known quantities of ether extracts and aqueous res- 
idues containing known proportions of the total activity were 
chromatographed and counted separately. 

Quantitative results of glucuronide and ethereal sulfate forma- 
tion were estimated with the use of rats and rabbits (Table V). 
5-Hydroxyindoleacetic acid caused no increased excretion but 
5-hydroxytryptamine gave rise to a slight increase in both species 
due to the formation of an ether glucuronide. 

Metabolic Fate of Endogenous Serotonin in Patients with Car- 
cinoid Syndrome—Three gallons of urine from two patients with 


- 
- 
} 
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02 03 04 05 06 07 08 09 
Re VALUE OF CHROMATOGRAM ELUATES 


Fig. 3. Oxytocie activity of urinary metabolites of serotonin 
after separation by paper chromatography (Solvent A). When 
eluates according to Rr value were tested, maximal activity was 
obtained in the two fractions R, 0.4 to 0.5 and 0.5 to 0.6 (hatched 
areas). When indole spots were eluted this activity (unhatched 
area) was found to be associated with one spot, Rr 0.48 aia 44 to 
0.53), which proved to be serotonin. 


carcinoid syndrome containing 480 mg. of 5-hydroxyindoleacetic 
acid were acidified to pH 5 with glacial acetic acid and concen- 
trated at reduced pressure at 40° to 31. Urease was added and 
the concentrate incubated at 37° for 12 hours and then reduced 
to 500 ml. On theaddition of 51. of acetone a precipitate formed 
and was filtered off. The filtrate was then finally reduced to a 
volume of 20 ml. Chromatography of this concentrate revealed 
the presence of at least six indole derivatives and urea, Rr 0.32 
(Solvent A). 

An aluminum oxide column was used to fractionate 3 ml. of 
this concentrate. The adsorbates were eluted with methanol 
diluted with increasing amounts of water as follows: 100 ml. of 
absolute methanol, 100 ml. of 75 per cent methanol, 100 ml. of 
50 per cent methanol, 100 ml. of 25 per cent methanol; 50 ml. 
fractions were collected. Paper chromatography of the eight 
eluates showed a partial fractionation with most of the me- 
tabolites in the first three fractions, urea, and some hydroxy- 
indoleacetic acid in the remaining fractions. Use was made of 
this to purify further the rest of the crude urinary concentrate. 

The purified mixture of metabolites was then fractionated on a 
cellulose column with the use of a one-phase n-propanol-am- 
monia solvent. Twenty fractions of 10 ml. were collected, 
evaporated to dryness under reduced pressure, and isolation of 
the metabolite attempted. Fractions 2 and 3 contained N- 
acetyl-5-hydroxytryptamine. Fractions 4 and 5 contained 
5-hydroxytryptamine and indican. Fractions 6, 7, 8, and 9 con- 
tained 5-hydroxyindoleacetic acid. These were identified by 
paper chromatography in two solvents; when the fractions con- 
taining 5-hydroxyindoleacetic acid were chromatographed in 
Solvent B, in addition to the spot for 5-hydroxyindoleacetic acid, 
Ry 0.80, there was another spot at Ry 0.86, 5-hydroxyindole- 
aceturic acid. 

Isolation of Metabolites from Urine of Patients with Carcinoid 
Syndrome—Serotonin was isolated from Fractions 4 and 5 which 
were pooled and benzoylated with excess benzoyl chloride, the 
precipitate filtered off and recrystallized from ethanol to give 
about 2 mg. of 5-hydroxytryptamine-O , N-dibenzoate, m.p. and 
mixed m.p. with authentic material, 171 to 173°. 

Attempts to isolate N-acetyl-5-hydroxytryptamine and 5-hy- 
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droxyindoleacetic acid from the relevant fractions by forming 
benzoates or p-toluene sulfonates were unsuccessful. 

Characterization of Metabolites—Some of the urinary concen- 
trate, 0.5 ml., was streaked on Whatman No. | paper and sep- 
aration of metabolites achieved with Solvent A. A control 
strip from the side of the chromatogram was sprayed and see- 
tions of the paper corresponding to the metabolites were eluted 
with ethanol. The eluates were evaporated to dryness under 
reduced pressure and the residues dissolved in 1 ml. of water, 
These aqueous solutions were used for determination of the 
fluorescent spectra of the metabolites (Table IV), oxytocic ac. 
tivity (Fig. 3) and chromatographic identification in two solvents 
(Table I). In this way it was possible to identify the following 
five indole derivatives in order of their increasing Ry value in 
Solvent A: 5-hydroxyindoleacetic acid, Rr 0.17; 5-hydroxy- 
indoleaceturic acid, Rr 0.23; indoxyl potassium sulfate, Rr 0.40; 
5-hydroxytryptamine, Rr 0.48; and N-acetyl-5-hydroxytryp- 
tamine, Rr 0.72. A small amount of another unidentified indole 
derivative was present (Rr 0.81 and 0.86 in Solvents A and B, 
respectively). 


DISCUSSION 


Exogenous serotonin is rapidly metabolized by rats and rabbits 
and excreted, 50 to 80 per cent being eliminated in the urine 
within 24 hours (Fig. 1). The only exception in Experiment 2, 
where excretion was 25 per cent in 24 hours, the animal developed 
paresis of the hind legs, became comatose, and died. Enlarged 
pale kidneys were revealed at necropsy. 

Excretion of 0.5 to 5 per cent of a dose of serotonin via the gut 
was confirmed by the activity of the lower gut contents (Table 
II). Since these animals were dosed by intraperitoneal injection 
this must have been due to excretion. This excretion was ac- 
companied by increased gut motility. 

Serotonin has been reported to cause hypernea in some animal 
species (18, 19) and a moderate tachypnea was observed during 
the course of these experiments which was of interest since the 
specific activity of the lung tissue was found to be fairly high, 
even 3 days after administration. 

Platelets in vivo are not saturated with serotonin (20) and it 
has been shown (21) that they will take it up in mtro. This ap- 
pears to be true in vivo since the activity of the blood following 
administration of C'-serotonin was largely associated with the 
platelet containing fraction of the plasma and the level was 
maintained for some time, being 3.25 per cent after 2 days and 
3.3 + 1.7 per cent after 3 days (Table II). The small amount 
of activity associated with the red cells might be due to their 
ability to absorb serotonin (22) though to a smaller extent than 
platelets. This evidence suggests that serotonin taken up by 
the platelets may be protected from metabolism and elimination 
for several days. 

Much evidence has been presented for the inability of serotonin 
to cross the blood-brain barrier. The present radioactive studies, 
however, suggest that a small amount of it may do so since the 
brains of two of the rats were found to contain significant amounts 
of activity and in one of the rabbits, 4 days after dosing, the 
brain had a higher specific activity than the other organs (Table 
II). The fact that this activity might be due to the entry of 
metabolites rather than serotonin, however, cannot be discounted. 

Species Difference in Metabolism—Several reports have been 
made of species differences in serotonin metabolism (2, 23). 
Sanyal and West (24) found such in anaphylactic shock and 
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conjugation, and excretion unchanged are important alternatives. 


Erspamer (2) noted that whereas carnivorous animals excreted 
5-hydroxyindoleacetic acid as the major metabolite that herbiv- 
orous species excreted practically none. In the present work 
this species difference in the metabolism of serotonin has been 
confirmed. In both species oxidative deamination was the major 
pathway, but whereas all the rats excreted a mixture of 5-hy- 
droxyindoleacetic acid and 5-hydroxyindoleaceturic acid, the 
rabbits excreted mainly the glycine conjugate (Table IV). This 
difference might account for the slightly more rapid excretion 
by rabbits (Fig. 1). Although there was no difference in glu- 
curonide formation (Table V) there were some minor quantitative 
differences in the excretion of the other metabolites. 

Metabolic Fate of Serotonin—As can be seen from Table V the 
major metabolites of serotonin in the urine of rats and rabbits 
are those that result from amine oxidase action. Over 50 per 
cent of the dose excreted in the urine is accounted for by 5-hy- 
droxyindoleacetic and 5-hydroxyindoleaceturic acids. Subse- 
quent glycine conjugation occurs to a much greater extent in 
rabbits than in rats. 

Acetylation plays an important part in the metabolism of 
serotonin, 5 to 25 per cent of the urinary metabolite being in 
the form of N-acetyl-5-hydroxytryptamine. This product has 
no oxytocic activity (see Fig. 3). 

Excretion of unchanged serotonin has been found to account 
for 5 to 9 per cent of the dose, and serotonin is certainly the most 
potent oxytocic compound present in urine (Fig. 3). 

Conjugation with glucuronic acid and ethereal sulfate has been 
found to occur, though only to a small extent; the ether glu- 
curonide of 5-hydroxytryptamine being formed. In comparison 
5-hydroxyindoleacetic acid does not appear to form any ether 
conjugates, being excreted almost entirely as a mixture of the 
unchanged acid and its glycine conjugate. 

One of the metabolites of norepinephrine has been shown to be 
3-methoxy-4-hydroxy mandelic acid (25). This involves methyl- 
ation of the phenolic hydroxyl group. No evidence of O-methy]- 
ation of exogenous serotonin could be found in these experiments. 


Major route arises from monoamine oxidase (MAO) activity but acetylation 


Oxidation is also a possibility. 


N-methylation of amino compounds in vivo has been shown 
e.g. N-methylation of histamine with subsequent excretion as 
N-methyl and N-dimethy! histamine in the urine (26). The 
possibility of serotonin being N-methylated is interesting since 
it has been shown that the N-methy! derivatives have hallucino- 
genic properties (27). However, in this study of the normal 
metabolic fate of exogenous serotonin no evidence has been 
found for the formation of methy! derivatives. 

The possibility of further oxidation is of interest since it has 
been suggested by Dalgliesh (28) that serotonin might function 
through some more active derivative such as 5,6-dihydroxy- 
tryptamine. Although an exact characterization has not been 
possible, some evidence has been found in the present work 
that one of the minor metabolites of serotonin might be an oxida- 
tion product. Although this metabolite possessed little oxytocic 
activity, and other work in this laboratory has shown that 
5,6-dihydroxytryptamine as a vasopressor is less potent than 
serotonin, it does not preclude the possibility that this derivative 
might be centrally active. 

The metabolism of serotonin has proved to be complex and it 
may be possible to interpret the actions of some drugs, e.g. mono- 
amine oxidase inhibitors, by the way they interfere with the 
normal metabolic pattern. Since it is possible that some psy- 
choses may be due to abnormal metabolism of serotonin, elucida- 
tion of its normal metabolism has been a necessary preliminary 
to the study of these other problems. 


SUMMARY 


1. A study has been made of the metabolism of exogenous C'™- 
5-hydroxytryptamine in rats and rabbits. 

2. The activity of various tissues following administration of 
C'4.5-hydroxytryptamine has been estimated. Major activity 
was found in the platelet-containing fraction of the plasma and 
significant activity was found in lung and brain tissue. 

3. The excretion of activity after administration of the radio- 
active compound to rats and rabbits has been found to be 50 to 
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98 per cent of the dose in 24 hours in the urine with a concomitant 
excretion of 3 to 5 per cent in the feces. 

4. The following metabolites have been identified in the urine 
of rats and rabbits by chromatography, radioautography, fluo- 
rescent spectra, and biological activity: 5-hydroxyindoleacetic 
acid; 5-hydroxyindoleaceturic acid; 5-hydroxytryptamine; N- 
acetyl-5-hydroxytryptamine, and 5-hydroxytryptamine glu- 
curonide. A minor metabolite has been provisionally identified 
as an oxidation product. 

5. Quantitative estimation of these metabolites, by scanning 
radioactive chromatograms, has shown 35 to 83 per cent of the 
dose to be metabolized by oxidative deamination and 5 to 25 
per cent by N-acetylation. The other minor metabolites ac- 
count for the remaining 5 to 10 per cent of the dose. 
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6. A species difference was observed in the metabolism of 


serotonin: rats excrete a mixture of 5-hydroxyindoleacetic acid 
and 5-hydroxyindoleaceturic acid, however, rabbits excrete 
mainly the glycine conjugate. 


7. Serotonin has been isolated from the urine of patients with 


carcinoid syndrome and in these subjects the metabolic fate ap- 
pears to be similar to that described in the rat. 
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Gale (2, 3) initially described the existence in bacteria of a 
metabolism-dependent process achieving the accumulation of 
freely extractable amino acids. During the studies described 
here a number of additional reports have appeared citing ex- 
amples of amino acid (4, 5), carbohydrate (6), and phosphate 
(7) accumulations in bacteria. The mechanism of these ac- 
cumulations is unknown. 

Christensen et al. (8) have observed that pyridoxal stimulates 
amino acid uptake by Ehrlich ascites tumor cells. This and a 
companion paper describe an investigation intended to deter- 
mine whether vitamin Bg deprivation influences the activity of a 
bacterial amino acid accumulation system. The lactic acid bac- 
teria were selected for study in view of the ease with which the 
intracellular vitamin Bs, content can be varied in this group of 
organisms (9). A description of glutamic acid accumulation in 
several species is presented here. The following paper (10) sum- 
marizes experiments designed to test the effect of vitamin Be 
deficiency on the accumulation process. 


EXPERIMENTAL 


Cultures—Lactobacillus arabinosus 17-5, Streptococcus faecalis 
R, and Leuconostoc mesenteroides P-60 were carried in stabs of 
glucose-yeast extract-agar (0.25 per cent, 1 percent, 1.5 percent), 
transferred monthly and stored at 4° between transfers. Cells 
used in accumulation experiments were grown in previously de- 
scribed completely synthetic media (11). For L. arabinosus the 
medium was modified to contain 500 mg. per |. of L-alanine and 
100 mg. per 1. of p-alanine. Vitamin Beg was supplied as pyridox- 
amine (1 wg. per ml.) which was added as a sterile solution to 
the previously sterilized vitamin Be-deficient medium. Sterili- 
zation was achieved by autoclaving at 15 pounds for 6 to 10 
minutes, depending on the volume of medium, which varied 
between | and 8 1. 

Inocula were grown at 30° for 16 to 20 hours in the appropriate 
synthetic medium. Since these experiments were performed 
during a comparative study designed to determine the effect 
of vitamin Bg deficiency on accumulation ability (10), inoculum 
cultures were routinely grown without vitamin Bs, supplementa- 
tion. To ensure vitamin depletion in these cells, the inoculum 
culture was separated from the stab culture by at least one pre- 
vious transfer in the vitamin B,-deficient medium. After in- 
cubation, the cells were centrifuged, resuspended in cold distilled 


* A preliminary report of some of this work has appeared (1). 
This study was supported by a grant (E-1487) from the National 
Institute of Allergy and Infectious Diseases, United States Public 
Health Service. 


water and added to the medium with 1.0 ug. dry weight of cells 
per ml. In the final mass culture, cells used in these experiments 
were grown at 30° under an atmosphere of carbon dioxide, in 
medium supplemented with pyridoxamine. 

In most instances cells were harvested 12 to 13 hours after 
inoculation, at which time the cultures were near the end of 
the exponential phase of growth. They were chilled in ice and 
collected batch-wise in a refrigerated centrifuge. The cells 
were washed once in distilled water and then resuspended in 
cold water to a density of 20 mg. (dry) per ml. The density of 
the suspension was estimated from its absorbance at 640 mu 
with the use of a curve relating dry weight and absorbance. In 
most experiments this value was checked by measuring the dry 
weight of an aliquot of the suspension. All descriptions of the 
weight of cells refer to the dry weight. 

U ptake Conditions—Initially, experiments were performed with 
the buffered salt solution described by Gale (2). However, with 
the use of L. arabinosus at a cell density of 1.6 mg. per ml., this 
solution was found to be inadequately buffered, and, conse- 
quently, the amount of phosphate was increased to give a final 
concentration of 0.12 m. Thereafter experiments were carried 
out in 0.12 m phosphate, pH 6.5 containing glucose (0.028 om), 
glutamic acid (0.003 m), NaCl (0.014 m), and MgSO, (0.0023 m); 
20 mg. of cells were used in a final volume of 12.5 ml. This will 
be referred to as the standard uptake conditions. The general 
procedure was to dispense buffer, L-glutamic acid, in most experi- 
ments uniformly labeled with C'", and glucose to plastic centrifuge 
tubes. These were preincubated in a water bath at 37° to ensure 
temperature equilibration and then the thick cell suspension (20 
mg. per ml.) was added to give a final cell concentration of 1.6 
mg. per ml. All experiments included controls lacking either 
or both glucose and glutamate. In experiments involving varia- 
tion in the time of incubation, the required number of identically 
constituted tubes were inoculated and after the requisite period 
of incubation each of these in turn was transferred to a prechilled 
rotor and centrifuged in the cold. Cells which had been added 
to uptake medium at 2° and centrifuged immediately, served as 
unincubated controls. The tubes were centrifuged at an average 
of 18,000 x g for 10 minutes. The supernatant buffer was 
poured off and the inside of the tube was carefully swabbed dry 
without righting the tube. Both the supernatant solution and 
the cell pellet were frozen immediately and stored in this condi- 
tion until analyzed. 

Preparation of Cell Extracts for Assay—A number of cell ex- 
traction procedures have been used, all of them yielding es- 
sentially identical extracts as judged by the analyses used in 
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this study. In most experiments the cell pellet was thawed, 
macerated in the cold, and immediately suspended in 6 ml. of 
80 per cent ethanol at 75°. The suspension was transferred to a 
glass centrifuge tube and heated at 75° for 10 minutes. The 
tubes were centrifuged and the supernatant removed to a beaker. 
The residue was resuspended in 6 ml. of ethanol-water and re- 
extracted for an additional 10 minutes. The combined super- 
natants were reduced to dryness in a current of air under an in- 
frared lamp. The residues were taken up in water (2 ml. per 
20 mg. of cells extracted) and centrifuged to remove insoluble 
material. In experiments in which the intracellular free amino 
acids were to be examined by paper chromatography, an aliquot 
of the solution equivalent to 20 mg. of cells was taken to dryness 
and resuspended in 0.3 ml. of saturated picric acid. The re- 
sultant suspension was clarified by centrifugation before applica- 
tion to paper. Extraction with water was carried out similarly 
except the temperature of extraction was that obtained in a boil- 
ing water bath. When examination of the acid-soluble nucleo- 
tide fraction was desired, extraction was achieved with 0.5 N 
perchloric acid. Ice-cold perchloric acid, 4 ml., was added to 
the thawed cell pellet. The suspension was transferred to chilled 
glass centrifuge tubes, allowed to stand for 25 minutes in an ice 
bath, and centrifuged in the cold for 10 minutes. The residue 
was re-extracted for 10 minutes in the cold with 4 ml. of 0.5 n 
perchloric acid. The extracts were freed of most of the per- 
chlorate by adjusting to pH 6.5 with concentrated KOH in an 
ice bath. The precipitated potassium perchlorate was removed 
by centrifugation. | 

Analyses—t-Glutamic acid was measured manometrically by 
decarboxylation with an acetone powder of Escherichia colt E-26 
prepared as described by Ayenger et al. (12). The samples were 
assayed with the use of 2 mg. of cell powder and 1 ml. of 0.15 
M acetate buffer at pH 4.2 containing cetyltrimethylammonium 
bromide (3.7 mg. per ml.), in a final volume of 2.5 ml. 1.-Glu- 
tamine was slowly decarboxylated by the preparation used in all 
of these experiments. Paper chromatography showed, however, 
that only small amounts of glutamine occur in experimental cell 
extracts (at most 5 per cent of the glutamic acid present). 
Therefore, the error introduced by this lack of specificity is small. 
In subsequent studies, additional preparations of this powder 
have been devoid of activity toward glutamine. Recovery of 
known amounts of L-glutamic acid (measured in the presence 
and absence of the p-isomer in cell extracts) was 90 to 105 per 
cent and in most instances 95 to 98 per cent. The supernatant 
buffer containing 0.15 m phosphate was adjusted to pH 4.5 be- 
fore assay for L-glutamic acid, but when it contained only 0.024 
mM phosphate it was assayed directly. 

Radioactivity of cell extracts and supernatant buffer was 
determined with the use of a gas-flow counter (Nuclear-Chicago 
Corporation). Aliquots of samples were applied to circles of 
filter paper glued to aluminum planchets. All samples were 
plated in triplicate. The observed counts were adjusted to the 
count at infinite thinness by correcting for self-absorption due to 
paper, cell extract, and supernatant buffer as appropriate for 
the sample. 

Changes in the freely-extractable amino acid content were 
determined by two-dimensional paper chromatography of cell 
extracts. The equivalent of 20 mg. of cells as a picric acid filtrate 
was applied to one corner of an 18 X 22 inch sheet of Whatman 
No. 1 paper. The paper was developed by the descending tech- 
nique in chambers with the use of phenol-ammonia-water followed 
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by lutidine-water. After drying at room temperature, the amino 
acids were visualized by spraying with a ninhydrin solution. 4 
complete description of the pool and its variations will be pre. 
sented elsewhere. To determine the extent of metabolism of 
accumulated, uniformly labeled glutamic acid, two-dimensional] 
paper chromatograms of cell extracts and supernatant buffers 
were exposed to Kodak Industrial Type K x-ray film for 3 weeks. 

Chemicals—The components of the growth medium were 4] 
commercially available substances. Uniformly labeled 1-C1. 
glutamic acid was obtained from the Nuclear-Chicago Corpora- 
tion. 


RESULTS AND DISCUSSION 


Most of the general characteristics of the glutamic acid ae. 
cumulation process were investigated in L. arabinosus with cells 
grown with an excess of pyridoxamine. As shown in Fig. 1A, 
L-glutamate accumulation depends on the presence of glucose 
and an elevated temperature of incubation. During incubation 
with glutamic acid alone, there is only a slight transient increase 
in the endogenous content of freely extractable L-glutamic acid, 
Incubation of cells with glucose alone leads to a decline in the 
endogenous glutamate level. In the presence of both glutamic 
acid and glucose large amounts of L-glutamate are accumulated, 
generally on the order of 10 per cent of the dry weight of cells 
used. 

In the succeeding studies, accumulation, measured mano- 
metrically, was defined as the increase over control levels of 
intracellular t-glutamic acid. Since assays were performed on 
extracts of unwashed packed cells, the amount of glutamic acid 
adhering to cells and trapped in the intercellular space was cor- 
rected for by subtracting the amount of t-glutamate found in 
cells suspended in buffer and glutamate at 2° and centrifuged 
immediately. Accumulation of isotope was corrected with the 
use of the same control. Fig. 1B shows that the intracellular 
accumulation of isotope corresponds closely to the accumulation 
of t-glutamate. In keeping with the results of the manometric 
assay, there was no accumulation of isotope in the cold and only 
a very smal] accumulation in the absence of glucose. Radio- 
autograms prepared from two-dimensional paper chromatograms 
of cell extracts showed that the isotope was confined virtually 
exclusively to the region of the paper occupied by glutamic acid. 
However the isotopic method shows the entrance of slightly 
more glutamate than is measured manometrically as a net in- 
crease over control levels. Relative to the amount taken up, 
the greatest difference is encountered early in the incubation 
at which time the discrepancy can be partly accounted for as an 
exchange of intra- and extracellular glutamate (see Table II). 
There is also at this time a small conversion of L-glutamate to a 
substance which is resistant to enzymatic decarboxylation and 
which has the chromatographic properties of glutamic acid. The 
amount of isotope in this fraction, which is referred to tentatively 
as p-glutamic acid, increases during the incubation and at 90 
minutes generally accounts for 10 per cent of the isotope present 
in the cell. 

The relation between the initial rate of accumulation and the 
external glutamate concentration is described in Fig. 2. The 
rate increases sharply as the concentration is raised, but above 
3.0 mm further increases in the external concentration produce 
relatively small increases in the rate. The curve has the form 
of an adsorption isotherm, and the data yield a straight line 
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Fic. 1. Accumulation of freely-extractable glutamic acid by 
L. arabinosus. A, L-Glutamie acid in ethanol extracts assayed 
by enzymatic decarboxylation. B, Glutamate equivalent of 
radioactivity in cell extracts. Cells were incubated under the 
standard uptake conditions modified as follows: Curve 1, @——@ 
without glucose and glutamic acid; Curve 2, X——X without 
glutamic acid; Curve 3, O——O without glucose; Curve 4, A——A 
no omissions; Curve 6, O———O as 4, incubated at 2°. 


(Fig. 2, insert) when plotted according to the method of Line- 
weaver and Burk (13). 

The total amount of glutamate accumulated during incubation 
for 60 minutes also increased as the external glutamate concen- 
tration was raised from 0.1 mm to 3.0 mm. Further increases 
above this external concentration did not materially change the 
amount of glutamate accumulated. The manometric and iso- 
topic assays agreed closely in all cases. From measurements of 
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Fic. 2. The effect of external glutamate concentration on the 
rate of glutamate accumulation by JL. arabinosus. Standard 
uptake conditions. The inset shows these data plotted according 
to the method of Lineweaver and Burk (13). 


the volume occupied by a given weight of cells, and estimates 
of the intercellular volume and intracellular water space, it can 
be calculated that at 1.0 mm the apparent intracellular glutamic 
acid concentration exceeded the extracellular concentration 360- 
fold and at 0.3 mm 390-fold. At these lower concentrations 
(0.1 to 1.0 mm) the cells accumulated 75 to 60 per cent of the 
glutamic acid originally present in the external buffer, while at 
higher concentrations (3.0 to 10.0 mm) this value fell to 30 to 10 
per cent. 

Therefore, the accumulation of glutamate by this organism 
occurs in opposition to large, apparent concentration gradients 
through the operation of a process characterized by a rate- 
limiting substrate concentration. The relatively insignificant 
accumulation which is observed in the absence of glucose or when 
incubation is carried out in the cold, suggests that accumulation 
is dependent upon cellular metabolism. In all these respects, 
the process in L. arabinosus is similar to that originally described 
in bacteria by Gale (2, 3). The nature of this process and its 
relation to the active transport phenomenon cannot be described 
with certainty at present, since the intracellular state (free or 
bound) of the accumulated molecules is unknown. 

Effect of pH—Fig. 3 describes the relation between pH and 
accumulation capacity. Maximal accumulation was achieved 
with phosphate buffer at an initial pH of 6.5. Maleate at pH 
6.5 has been found to be equally effective. The initial accumu- 
lation rate was slightly higher in phosphate at pH 6.0, but the 
amount of amino acid finally accumulated was submaximal as a 
result of the poor buffering capacity of phosphate in this range. 

Incubation at pH values below 6 is unfavorable not only to 
accumulation, but also to the retention of accumulated glu- 
tamate. This was observed in early experiments with the use of 
the buffered salts solution described by Gale (2), and employing 
cells at 1.6 mg. per ml. Under these conditions glutamate ac- 
cumulation stopped abruptly after incubation for 30 to 40 min- 
utes. Subsequently t-glutamate (together with p-glutamate) 
was released to the supernatant buffer, so that at 90 minutes the 
cells contained only 40 per cent of the isotope and L-glutamate 
which had been present at 30 minutes. After incubation for 60 
minutes, the buffer had a pH of 5.2 and at 90 minutes a pH of 
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Fic. 3. The effect of pH on L-glutamate accumulation. Stand- 
ard uptake conditions except for 0.12 m buffers as follows: pH 5.0, 
acetate; pH 6.0-7.2, phosphate; pH 8.0-8.5 Tris(hydroxymethy])- 
aminomethane. The suspensions were incubated for: O——O, 
30 minutes; @——@, 60 minutes. 
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Fic. 4. Effect of cell concentration on the amount of glutamate 
accumulated by L. arabinosus. Washed cells were incubated for 
the times shown under the standard uptake conditions. L- 
Glutamic acid in ethanolic cell extracts was determined by en- 
zymatic decarboxylation. The amounts shown have been cor- 
rected for zero time values and refer to the intracellular glutamate 
per ml. of uptake medium. 


4.7. A significant metabolism of glutamic acid occurred under 
these conditions, evidenced by the intracellular accumulation 
of smaller amounts of L-glutamate than that predicted from the 
amount of isotope present, by the intracellular accumulation of 
radioactive y-aminobutyric acid and by the return to the buffer 
of a large amount of isotope without an equivalent rise in L-glu- 
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Fic. 5. Effect of culture age on the initial rate and total amount 
of glutamic acid accumulated by L. arabinosus. Standard uptake 
conditions. Cells were extracted with cold perchloric acid and 
uptake was calculated from the amount of isotope accumulated. 


tamic acid. Increasing the phosphate concentration to 0.12 m 
largely prevented the pH variation, and maximal accumulation 
was achieved and maintained between 60 and 90 minutes of in- 
cubation. Use of the more concentrated buffer also decreased 
the metabolic loss of t-glutamate by eliminating glutamic acid 
decarboxylation. 

Effect of Cell Concentration—Under the conditions used in the 
experiments described here there is a linear relation between 
L-glutamate accumulated and cell concentration up to 2.4 mg. 
of cells per ml. (Fig. 4). Hence, the cell concentration normally 
employed (1.6 mg. per ml.) is a limiting factor in determining 
the amount of glutamate accumulated. 

Effect of Culture Age—Fig. 5 shows the variation in glutamate 
accumulation activity of cells harvested at different times after 
inoculation of the growth culture. Maximal activities (rate at 
5 minutes and amount at 90 minutes of incubation) were observed 
with cells from cultures in the exponential growth phase. Cells 
from cultures entering the phase of maximal growth rate or from 
cultures no longer increasing in mass showed 70 to 80 per cent of 
maximal activity. In a few experiments, cells from very young 
cultures (< 0.1 mg. of cells per ml. at harvest), had a decidedly 
low capacity (50 per cent of maximum). This variability may 
be related to the degree of damage sustained during harvesting 
and washing by these cells which are known to be especially 
sensitive to physical damage at this phase of the growth cycle. 
With L. arabinosus the initial rate of accumulation was found to 
be relatively constant and not materially depressed even in those 
batches of very young cells which exhibited relatively poor ac- 
cumulation capacity. These results differ from those obtained 
with S. aureus by Gale and Folkes (14) who observed little change 
in capacity, but a marked variation in accumulation rate as 4 
function of culture age. Such differences may arise principally 
in seemingly inconsequential variations in methods of cell prep- 
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aration, particularly, as mentioned above, with cells from very 
young cultures. 

Retention of Accumulated Glutamate—The ability of cells to 
retain accumulated glutamate was studied as follows. Cells 
were permitted to accumulate the amino acid for 60 minutes and 
were then centrifuged and washed once with cold buffer. They 
were resuspended at 37° in the solutions described in Table I. 
After additional incubation for 60 minutes the cells were sep- 
arated from the medium and extracts were prepared in the usual 
way. Radioactivity was measured in the supernatant solutions 
and in the cell extracts and L-glutamic acid was measured in 
the cell extracts. As shown in Table I, incubation at 2° in water, 
saline, or phosphate led to negligible loss to the external medium 
of previously accumulated glutamate. A loss of 20 per cent of 
the isotope during incubation in water at 37° was reduced to 10 
per cent or less by incubation in saline or phosphate. In the 
latter, the presence of glucose tripled the loss as judged by the 
loss of isotope from the cell. Manometric assays for L-glutamic 
acid (Table II) showed, however, that in the absence of glucose, 
despite a superior retention of isotope, there was a greater loss 
of t-glutamate than in cells incubated with glucose. Thus, in 
the absence of glucose there was a metabolic loss with a retention 
in the cell of most of the products. In the presence of glucose, 
the decline of intracellular L-glutamic acid which was smaller 
corresponded more closely to the loss of isotope from the cell 
and to the appearance of isotope in the buffer, and very likely 
represents a true displacement of the amino acid. Under any 
of these conditions, the losses were not large and especially in the 
cold the accumulated glutamate resisted elution from the cell. 

The data of Table II show that loss of radioactivity from the 
cells was greatly increased by the presence in the external buffer 
of nonradioactive L-glutamic or L-aspartic acids. In the former 
case, there was a rise rather than a decline in the amount of 
i-glutamate in the cell indicating a replacement of intracellular 
(radioactive) by extracellular (nonradioactive) glutamate. Glu- 
cose enhanced the glutamate exchange as would be expected if 
the exchange involved the pathway utilized to accumulate gluta- 
mate in the initial incubation. If this interpretation is correct, 
the large exchange observed with L-glutamate in the absence of 
glucose might be supported by carbohydrate stores retained 
from the initial incubation. With aspartic acid the amount of 
L-glutamate in the cell dropped sharply by an amount closely 
similar to the glutamate equivalent of the radioactivity appearing 
in the buffer and lost from the cell. The ability of aspartic acid 
to elute glutamate from the cell suggests that interaction in the 
uptake process may account, at least in part, for the lag in the 


growth response to glutamic acid produced by aspartic acid with 


this organism (15, 16). 

p-Glutamic acid was the least active of the effective displacing 
compounds. It was almost completely ineffective in displacing 
isotope in the absence of glucose, and in its presence showed a 
low level of activity which was not enhanced by varying its 
concentration between 0.001 and 0.01 mM. With the exception 
of alanine which was slightly active, the other amino acids tested 
were ineffective in displacing isotope from the cell, testifying to 
the structural specificity of the displacement phenomenon. 
However, in the presence of glucose these substances did de- 
crease the amount of L-glutamate (manometric assay) retained 
in the cell in comparison to the appropriate glucose-incubated 
control. This enhanced loss of t-glutamate was not observed 
in the absence of glucose suggesting a requirement for energy, 
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TABLE I 
Retention of accumulated glutamic acid 


Washed cells of L. arabinosus were incubated for 60 minutes 
under standard uptake conditions. After centrifugation, the 
cells were resuspended at 1.6 mg. per ml. in the solutions shown 
below. Aliquots of each suspension were centrifuged imme- 
diately (zero time) and after 60 minutes incubation in the resus- 
pension solution. Ethanol extracts of the cells and the superna- 
tant reincubation solution were assayed for radioactivity. Losses 
of accumulated glutamate were calculated from the difference 
between the zero time and 60 minute values. 


Loss from 
Reincubation solution Temperature cell of 
isotope 
Phosphate (0.12 m) + uptake salts........ 2 4 
Phosphate (0.12 Mm) + uptake salts........ 37 7 
Phosphate (0.12 m) + uptake salts + glu- 
TaBLe II 


Elution of accumulated glutamate by amino acids 


Conditions of the initial incubation were those described in 
Table I. Following centrifugation the cells were washed briefly 
with cold 0.12 m phosphate-salts solution, resuspended at 1.6 
mg. per ml. in the solutions described below, and incubated at 
37° for 60 minutes. At the time of resuspension 20 mg. of cells 
contained 1480 ug. of glutamate, determined by the isotopic assay, 
and 1310 wg. of L-glutamate, determined by the manometric 
assay. 


| Decline in glutamate content of cells 


Without glucose With glucose 


Addition to phosphate (0.12 m)-salts 


solution | 
Mano- Mano- 
| ug./20 mg. cells 
| 50 400 200 270 
L-Glutamie acid (0.003 M)....... | 510 270 820 +310* 
L-Aspartic acid (0.003 m)......... 415 840 840 
u-Lysine (0.01 M).............. | 60 | 430 | 220 520 
L-Alanine (0.01 m).............. | 30 460 280 645 
L-Phenylalanine (0.01 m)........ | 0 50 580 
p-Glutamie acid (0.005 m)....... | 90 440 585 


* The L-glutamate content of these cells increased by 310 ug. 
per 20 mg. 


possibly to promote the entry of these amino acids into the cell. 
Since these amino acids did not stimulate a significant loss of 
isotope from the cell, the enhanced disappearance of L-glutamic 
acid probably represents a metabolic conversion of this amino 
acid to a product which is retained intracellularly. This amino 
acid-dependent metabolic loss is reminiscent of the observation 
of Gale and Van Halteren (17) who observed peptide formation 
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Fic. 6. Comparative removal of isotope and L-glutamate from 
external buffer during accumulation of glutamate by L. arabino- 
sus. Standard uptake conditions. O——O, estimation of L- 
glutamate uptake by assay of supernatant buffer with glutamic 
acid decarboxylase; @——@, estimation of glutamate uptake by 
determination of residual isotope in supernatant buffer; X, shows 
the glutamate equivalent of the isotope found in the respective 
cell extracts. 


TaBLeE III 


Appearance of ‘‘p-glutamic acid’’ in cells during glutamate 
accumulation by L. arabinosus 


Cells from a single culture were harvested at the indicated 
phases of the growth cycle. After washing, they were incubated 
for the times shown under standard uptake conditions. Cell 
extracts were assayed for L-glutamate by enzymatic decarboxyla- 
tion. Thesupernatants from! this determination were chromato- 
graphed in phenol-ammonia-water on sheets of Whatman No. 4 
filter paper. Samples for analysis and solutions containing 
known amounts of glutamic acid were spotted alternately on all 
sheets. Glutamic acid occurred as a distinct spot well separated 
from other amino acids. After spraying with ninhydrin the 
material at the glutamate region was eluted with water, and the 
color measured. The radioactivity in these samples was deter- 
mined by eluting exhaustively a duplicate spot not sprayed with 
ninhydrin, concentrating the eluate to a small volume and plating 
aliquots for counting. The values shown were corrected for 
zero time values. 


Glutamate in cell extracts 
Experiment Culture density at 
time 
Mano- ji,;: 
|Ninhyd I 
metric |Ninhydrin Teotop 
mg./ml. min ug./20 mg. cells 
1 0.20 (early log) 5 225 150 50 
60 2000 700 380 
90 2500 1110 615 
2 0.70 (late log) 5 255 95 80 
60 1855 310 185 
90 2480 100 130 
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when S. aureus was incubated with single amino acids in addition 
to glutamic acid. 

Metabolism of Glutamate during Accumulation—As shown in 
Fig. 1, the amount of L-glutamate accumulated intracellularly 
corresponded closely to the glutamate equivalent of the isotope 
accumulated. In addition, the isotope was found exclusively 
in the region occupied by glutamic acid in two-dimensional 
chromatcgrams. Therefore, with the exception of the formation 
of small amounts of a substance believed to be p-glutamic acid, 
apparently only a small metabolic loss of L-glutamate occurred 
during these experiments. Fig. 6 shows, however, that while 
the loss of isotope from the buffer is accounted for almost entirely 
by its appearance in the cell extract (there is only a minor in- 
corporation of isotope into the ethanol-insoluble fraction of the 
cell which accounts for the small difference in these values), the 
amount of L-glutamate removed from the buffer is considerably 
higher than that predicted by the amount of isotope removed, 
This difference is not attributable to the presence in the buffer of 
glutamic acid decarboxylase inhibitors which would cause an 
underestimation of L-glutamic acid, and thus indicates the pres- 
ence of glutamic acid metabolites. Chromatographic studies of 
the supernatant buffer have demonstrated the absence of iso- 
topically labeled y-aminobutyric acid or glutamine. p-Glutamic 
acid is found in the buffer, but in insufficient amounts to account 
for the major portion of the missing L-glutamic acid. 

Therefore, there is a significant metabolic loss of glutamate 
during these experiments. Since this loss does not occur in the 
absence of glucose unless the glutamate has already been ac- 
cumulated (See Table II), it occurs very likely after or during 
entry into the cell. A metabolic loss of glutamate was shown 
by Gale (2) and Gale and Mitchell (18) to occur during the ac- 
cumulation of this amino acid by a strain of S. faecalis. These 
authors did not report the location of the resultant metabolites, 
but suggested that their formation did not involve peptide syn- 
thesis, deamination, or transamination. 

Under the conditions used in most of the accumulation ex- 
periments described here the only detectable metabolite which 
accumulates in the cell is a substance believed to be p-glutamic 
acid. The formation of this material was studied as described 
in Table ILI which shows its appearance in cells during glutamate 
accumulation.!. The cells used in most of the experiments re- 
ported here accumulated approximately 10 per cent of the isotope 
in the p-glutamic acid fraction (Experiment 2). The amount 
of p-glutamate found with the use of the colorimetric assay agreed 
well with the isotopic assay. <A variability in the amount of 
p-glutamate formed during such experiments was traced to the 
age of the culture used. As shown in Experiment 1 of Table III, 
the amount of p-glutamate formed is much higher in cells from 
early exponential phase cultures than in cells harvested at sub- 
sequent growth phases. In addition, cells from such low density 
cultures frequently, although not in every case, accumulated 
more total p-glutamate than that predicted by the amount of 
isotope found in this fraction. This suggests that nonradioac- 
tive p-glutamic acid, or a substance with closely similar chro- 
matographic properties, is liberated in such cells in a freely ex- 


1 This material has been isolated from streak chromatograms 
and treated with dinitrofluorobenzene. Only a single derivative 
was observed whose chromatographic migration in three solvents 
was found to be identical to that of authentic dinitrophenyl- 
glutamate. The authors are indebted to Dr. G. Rouser for de- 
tails of the chromatographic procedures prior to their publica- 
tion. 
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tractable form during some accumulation experiments. These 
observations may have some relation to the biosynthesis of the 
bacterial cell wall, which is believed to be incomplete in cells 
from cultures in the early growth phases (19), and which is 
known to contain p-glutamic acid (20). 

Glutamate Accumulation by Other Organisms—The charac- 
teristics of glutamate accumulation in S. faecalis R and L. 
mesenteroides P-60 have been studied with the techniques de- 
scribed above. Although these organisms accumulate large 
amounts of L-glutamate, they achieve apparent gradients some- 
what smaller than those observed with L. arabinosus. As in 
the latter organism, the uptake is temperature-dependent and 
does not occur to a significant extent in the absence of glucose. 


SUMMARY 


Washed cells of Lactobacillus arabinosus 17-5 incubated in 
phosphate buffer containing L-C'-glutamic acid and glucose ac- 
cumulated this amino acid in a freely-extractable form. Ac- 
cumulation was negligible in the absence of glucose and at 2°. 
Under the conditions used, almost all the intracellular isotope 
was retained in Lt-glutamic acid. The amount of glutamate ac- 
cumulated generally equaled, and in some cases exceeded, 10 
per cent of the dry weight of cells used. Accumulation occurred 
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in opposition to large apparent concentration gradients, and was 
characterized by a rate-limiting extracellular amino acid con- 
centration. 

Maximal accumulation capacity was observed at pH values 
between 6.0 and 6.5. Capacity varied with culture age, and 
was maximal in cells from midexponential phase cultures. Little 
elution of accumulated glutamate occurred during incubation 
in water or buffer. However, aspartic and glutamic acids eluted 
previously accumulated glutamate from the cell. 

The metabolic loss of Lt-glutamate was enhanced when cells 
were incubated with glucose and alanine, phenylalanine, or 
lysine. More t-glutamate, but not isotope, was removed from 
the external buffer than could be accounted for by intracellular 
accumulation. Approximately 10 per cent of the intracellular 
isotope was found in a fraction tentatively identified as p-glu- 
tamic acid. The amount of this substance detected in cell ex- 
tracts varied markedly with the growth phase at harvest. 

The accumulation of L-glutamate by Streptococcus faecalis R 
and Leuconostoc mesenteroides P-60 also has been demonstrated. 


Acknowledgment—The authors are deeply indebted to Dr. 
Eugene Roberts for many stimulating and constructive sugges- 
tions. 
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Bacteria have been observed to accumulate amino acids (3-5) 
and galactosides (6) in opposition to apparent concentration 
gradients. The mechanism of these accumulations is unknown. 
A number of investigators (7-9) have suggested that this process 
may be related to the active transport phenomenon. Riggs et al. 
(10) and Christensen et al. (11) have proposed that vitamin Be 
may function as a carrier substance in amino acid transport in 
mouse Ehrlich ascites tumor cells. It was of interest, therefore, 
to determine whether vitamin Bs, would influence the activity of 
a bacterial amino acid accumulation system. Accordingly, a 
study was undertaken of the effect of vitamin Be deficiency on 
amino acid accumulation in the lactic acid bacteria. This group 
of organisms was selected for study because of the ease with which 
the intracellular vitamin B, content could be varied (12). It is 
possible to grow cells of some species containing only minute 
traces of the vitamin. The activity of a vitamin B,-dependent 
amino acid accumulation system would be expected to be reduced 
in such severely deficient cells. The lactic acid bacteria have 
been used extensively in analogous experiments to demonstrate 
the vitamin B, dependence of various enzymes (13-15). The 
general characteristics of glutamic acid accumulation in several 
lactic acid bacteria have been described (16). This report de- 
scribes the effect of a vitamin B, deficiency on the glutamate 
accumulation system of Lactobacillus arabinosus. 


EXPERIMENTAL 


Organisms and Media—The organisms, growth media, and 
methods of cultivation have been described (16). Comparative 
measurements of accumulation ability were performed with cells 
grown in aliquots of the same batch of medium which differed 
only in their content of the vitamin. Inocula for all cultures 
were grown in the complete absence of vitamin Bg. 

L. arabinosus 17-5 was used in most of the experiments. Al- 
though this organism is known to synthesize vitamin Bs, on ex- 
tended incubation in semisynthetic media (12, 17), its growth 
rate in completely synthetic media lacking the vitamin and con- 
taining p-alanine is considerably less than maximal (15). Cul- 
tures supplemented with an excess of vitamin B, customarily 
achieve from half to near maximal cell densities within 10 to 12 
hours of incubation at 30°. Such cells (HBs)! assayed by pre- 


* Preliminary reports of some of this work have appeared (1, 
2). This study was supported by a grant (E-1487) from the 
National Institute of Allergy and Infectious Diseases, National 
Institutes of Health, United States Public Health Service. 

1 The abbreviations used are: HB, cells, high vitamin Beg cells 
grown in media supplemented with an excess of the vitamin; LBs 


viously described methods (12) contain 50 to 200 mug. of vita- 
min Bg per mg. (dry weight?) of cells. During such short incu- 
bation periods the growth of cultures lacking the vitamin is 
relatively poor (10 to 15 per cent of maximal densities), and at 12 
hours is no longer exponential. These cells (LBs) contain only 
0.005 to 0.010 mug. of vitamin Bs per mg. of cells, amounts in 
the range of the lowest values reported in a previous study (12). 
Previous experiments (15) also have demonstrated that a variety 
of transaminases in these cells are at least partially desaturated. 
All comparative studies of the initial rate of accumulation were 
performed with cells harvested from media completely lacking 
the vitamin. In subsequent studies of the total accumulation 
capacity, cells from cultures supplemented with traces of pyri- 
doxamine (0.005 to 0.020 mug. per ml.) were used frequently and 
found to be almost indistinguishable from LBg cells in the ac- 
cumulation experiments. These cells (LBg(+)) contained 0.01 
to 0.04 mug. of vitamin Be, per mg. of cells. 

Cells were washed with cold water before use in accumulation 
experiments. Suspensions of washed LB, and LBg(+) cells 
usually contained considerable black debris and clumped cells, 
which were removed by filtration through glass wool before final 
adjustment of the suspension density. It should be noted also 
that LB, cells could not be harvested in a Sharples centrifuge. 
Such cells, shown in another study (18) to be unusually fragile, 
are probably damaged by this procedure, since cells harvested in 
this manner have been found repeatedly to have abnormally poor 
accumulation activity. 

The analytical methods and incubation conditions used in ac- 
cumulation experiments have been described (16). 


RESULTS 


Described in Fig. 1 is the time-course of accumulation of freely 
extractable glutamic acid by cells of L. arabinosus grown in the 
complete absence or in the presence of an excess of pyridoxamine. 
Accumulation was measured in terms of isotope accumulation 
and as increments in L-glutamate content of the cells. As indi- 
cated previously (16), most of the isotope present in the cells 
ean be accounted for as unchanged t-glutamic acid. As shown 
in Fig. 1, this is true as well for cells depleted of vitamin Bg ex- 
cept after extended incubation. Most of the discrepancy in the 
two methods of analysis can be accounted for as a conversion of 
L-glutamate to a substance with the enzymatic and chroma- 


cells, low vitamin Bg cells grown in media to which no vitamin Bs 
was added; LB,(+) cells, low vitamin Bs cells grown in media 
supplemented with trace amounts of the vitamin. 

2 All descriptions of cell weights refer to the dry weight. 
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tographic properties of p-glutamic acid. Radioautograms of 
two-dimensional chromatograms of LBeg cell extracts showed that 
the isotope was confined virtually exclusively to the region oc- 
cupied by glutamic acid. Since, at 5 minutes, only a small 
amount of isotope was found in substances other than L-glutamic 
acid, and since this loss was approximately equal in LB, and HB, 
cells, the uptake of isotope at 5 minutes was used in most experi- 
ments as a rapid and convenient measure of the initial uptake 
rate. 

As shown in Fig. 1, the rate of uptake during the first 5 minutes 
of incubation was essentially the same in cells grown with and 
without vitamin Bs. The capacity, indicated by the total 
amount of free glutamate accumulated during incubation for 60 
to 90 minutes, was reduced markedly in cells cultured in the 
absence of the vitamin. This experiment has been performed 
with 7 pairs of cultures grown in the absence and in the presence 
of excess vitamin Bs. In some of these, samples were taken 
every two minutes during the first 10 minutes of incubation to 
obtain a more accurate appraisal of the initial accumulation rate. 
Millipore filters were used in such cases to achieve a rapid separa- 
tion of cells and buffer. In this series, the rates within a pair 
agreed to 15 per cent of the value obtained with HB, cells. The 
average initial rates observed in these experiments were as fol- 
lows: HBg cells, 245 + 39 ug. of glutamate’ per 5 minutes per 
20 mg. of cells; LBg cells, 257 + 25 ug. of glutamate per 5 minutes 
per 20 mg. of cells. There was a greater variability in the initial 
rate between experiments than between the pairs of cultures of a 
given experiment. In an effort to intensify the vitamin Bes de- 
ficiency, LB, cells were treated with isonicotinic acid hydrazide 
(005 mM), semicarbazide (.002 m), or hydroxylamine (.002 m) be- 
fore and during incubation with glutamic acid. There was no 
decrease in the initial rate of uptake. 

After incubation for 5 minutes the apparent internal glutamate 
concentration was calculated to be 17 times higher than the ex- 
ternal concentration. In similar experiments with the use of a 
lower external glutamate concentration (0.3 mm), the initial rate, 
while somewhat lower, was again identical in both cell types, 
and under these conditions the apparent internal concentration 
at 5 minutes exceeded the external concentration 90-fold. These 
studies show, therefore, that under the conditions used here, cells 
of L. arabinosus depleted of all but minute traces of vitamin Bs 
accumulate glutamic acid in opposition to an apparent concentra- 
tion gradient at an initial rate comparable to that observed in 
cells cultivated with an excess of the vitamin.‘ It must be 
emphasized that the consistent equality of the accumulation rates 
was observed only after the fragility of LB, cells was recognized 
and appropriate care exercised in cell preparation. It was also 
essential to avoid incubation of LBg cells in growth medium past 
the period of active growth since this caused marked losses in 
accumulation activity (rate and capacity). 

The absence of an effect of vitamin Bg deficiency on the initial 
uptake rate contrasts with the large decline in accumulation ca- 
pacity observed with deficient cells. Summarized in Table I 


Standard deviation of the arithmetic mean. 

‘ The effectiveness of the deficiency conditions is indicated by 
the complete or partial inactivation of a variety of vitamin Be- 
dependent amino acid decarboxylases and transaminases. The 
desaturation of the glutamic acid racemizing system also was 
demonstrated with disrupted cells. However, it should be empha- 
sized that a deficiency state leading to complete inactivation of 
all known vitamin Bs-dependent enzymes would not constitute 
proof that an unaffected reaction functions independently of the 
Vitarnin. 
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Fic. 1. Accumulation of freely-extractable glutamic acid by 
L. arabinosus; effect of vitamin Beg deficiency. Cells were har- 
vested after 12 hours growth in medium supplemented either with 
1 wg. per ml. of pyridoxamine or with none of the vitamin. 
Washed cells were incubated under the standard uptake conditions 
(16). After incubation for the times shown the cells were frozen, 
thawed and then extracted with ethanol-water. The cell extracts 
were assayed for radioactivity (——) and L-glutamie acid (----). 
All values are corrected by an unincubated control. The L- 
glutamate values also were corrected for a loss of endogenous L- 
glutamate which was observed in control tubes containing glucose 
and no L-glutamate. A and O, cells grown with pyridoxamine; 
A and @, cells grown without pyridoxamine. 


TABLE I[ 


Glutamate accumulation capacity of cells grown with and 
without vilamin Bs 


Glutamate accumulation 
; concentration in 
growth medium experiments 
Average | Range 

pg./ml. | pug./20 mg. cells 
LBs ~ None | 9 380 | 230-550 
LB.(+) 5to2Xx 10-6 4 450 | 280-750 
HB, 1.0 | 16 1900 § 1500-2400 


* All cultures were harvested after 11 to 13 hours of incubation 
at 30°. 

t+ Accumulation was measured under standard uptake condi- 
tions. The maximal amount of glutamate accumulated during 
incubation for 90 minutes was tabulated in those cases where 
vitamin Bg-deficient cells lost glutamate in the terminal phases 
of incubation. In all cases, the amount of glutamate was calcu- 
lated from the amount of isotope found in cell extracts. In 
four experiments with each cell type, accumulation was also 
estimated by manometric assay of L-glutamie acid. 


are the results of a number of comparative experiments in which 
the accumulation capacity of LBs, LBsg(+), and HB, cells was 
determined. In general, HB, cells accumulated 3 to 5 times as 
much glutamate as did either deficient types. 

Effect of Preincubation with Pyridozal, Pyridozal Phosphate, 
and Inhiitors—The effect of vitamin B, deficiency on accumula- 
tion capacity could not be reproduced by preincubating HBs 
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Fic. 2. Effect of nutritional status and growth phase on the 
time-course of glutamate accumulation. LL. arabinosus was 
cultured and ,harvested under the following conditions: Curve 1, 
complete medium, cells harvested in mid-exponential growth 
phase at a density of 0.35 mg. per ml.; Curve 2, complete medium, 
cells harvested in early exponential growth phase at a density of 
0.20 mg. per m&.; Curve 3, low biotin medium (0.045 mug. per ml.), 
cells harvested in the period of declining growth rate at a density 
of 0.18 mg. per ml.; Curve 4, low vitamin Bs medium (0.020 mug. 
per ml.), cells harvested in the period of declining growth rate at 
a density of 0.19 mg. per ml. Water-washed cells were incubated 
under standard uptake conditions. Frozen cells were extracted 
with cold perchloric acid, and glutamate uptake was determined 
from the isotope content of these cell extracts. 


o2 


cells with isonicotinic acid hydrazide (0.005 mM), semicarbazide 
(0.002 m), or hydroxylamine (0.002 m), or by adding these sub- 
stances to the uptake system. Under these conditions, there 
were extensive, vitamin L,-reversible changes in the intracellular 
content of free amino acids, indicating the response of various 
vitamin B,-dependent enzymes to the pretreatment. Such pre- 
incubation was also ineffective on cells grown with low levels of 
vitamin Bs, just sufficient to permit maximal growth. These 
cells contain moderately low levels of vitamin Bs, (12) and have 
a nearly normal accumulation capacity. Furthermore, incuba- 
tion or preincubation of LB, and LB.(+) cells with various com- 
binations of pyridoxal, pyridoxal phosphate, glucose, and ATP 
did not improve the accumulation capacity. Under these condi- 
tions, the glutamic acid decarboxylase, one of the more readily 
desaturated enzymes, was reactivated. These results suggest 
that the effect of the deficiency on accumulation capacity is 
probably indirect, and not a reflection of the inefficient operation 
of a vitamin B,-dependent enzyme functioning directly in the 
accumulation process. 

Glycolytic Activity—A comparison was made of the glycolytic 
rate in cells grown with and without vitamin Bs. Glycolysis was 
estimated as carbon dioxide liberation from bicarbonate buffers 
either under the conditions used to measure accumulation, or 
under the conditions (complete glycolytic system) described by 
Clark and MacLeod (19). As normally prepared for uptake 
experiments (12-hour cultures) LB, and HB, cells exhibited 
identical rates of acid production in either test system. There- 
fore, the reduced accumulation capacity of LB, cells cannot be 
attributed to an inadequacy of this energy-producing system of 


Vitamin B, and Glutamate Accumulation 


Vol. 234, No. 4 


the cell. This result was unexpected in view of the extensive 
leakage of cell constituents observed with LB, cells (20). The 
possibility remains that this leakage leads to a defective utiliza- 
tion by LBg cells of high-energy compounds produced during 
glycolysis. 

Effect of Other Deficiencies and of Population Density at Har- 
vest—The growth rates and final cell densities of the vitamin B,- 
supplemented and -unsupplemented cultures used in these experi- 
ments differed considerably. Cultures were harvested routinely 
after 11 to 13 hours of incubation since preliminary studies (16) 
showed that maximal accumulation capacity was expressed in 
such cells. At this time vitamin L,-supplemented cultures were 
past the midpoint of the logarithmic growth phase and had at- 
tained a culture density of 0.25 to 0.65 mg. per ml.° Unsupple- 
mented cultures were near the end of their period of growth and 
had attained a density of 0.05 to 0.16 mg. per ml. Cells provided 
with small amounts of the vitamin were also near the end of their 
period of growth and, depending upon the size of the supplement, 
had achieved a cell density of 0.10 to 0.32 mg. per ml. Accord- 
ingly, the effect of growth rate and cell density of the culture at 
harvest on the accumulation activity was studied. In some ex- 
periments, cultures supplemented with the usual excess of pyri- 
doxamine were harvested at low cell densities. In others, cells 
were harvested from cultures in which the total amount and rate 
of growth were reduced to levels comparable with those observed 
in vitamin ,-deficient cultures by supplying appropriately small 
amounts of various amino acids and vitamins. 

The results of these experiments are presented in Table II and 
can be summarized as follows. (a) Cells harvested from complete 
medium in the early stages of the growth cycle have an accumula- 
tion capacity only slightly lower than maximum. In all cases 
this is 2 to 3 times higher than the LB, or LB,(+) cells harvested 
at the same density. (6) Cells from low density cultures in which 
growth was restricted by limiting the availability of a nutrient 
were more variable in their behavior. Most of these were slightly 
less active than HB, cells harvested at the same density, but still 
twice as active as LB, and LB¢(+) cells at the same density and 
phase of growth. In only one case (low pantothenate) was the 
capacity of such cells as low as that of the LB.( +) cells harvested 
at the same density. It can be concluded, therefore, that the 
observed effect of vitamin B, deficiency on accumulation capacity 
is not attributable solely to the use of cells from low density 
cultures. On the other hand, the effect is not absolutely specific 
for this deficiency as evidenced by the behavior of cells from a 
culture deficient in pantothenic acid. 

Studies of the time-course of accumulation revealed, however, 
that all cell types from control, low density cultures could be 
distinguished, on the one hand, from HB, cells harvested from 
cultures which had reached at least the midpoint of the exponen- 
tial growth phase, and on the other, from LB, and LB,(+) cells. 
Some of these results are presented in Fig. 2. HBeg cells har- 
vested at densities equal to or greater than 0.35 mg. per ml. ac- 
cumulated glutamate at a nearly linear rate until the saturation 
capacity was approached. In contrast, the accumulation rate of 
all low density cell types declined after approximately 10 minutes 
of incubation. With LB, and LB,.(+) cells, accumulation in- 
variably ceased shortly thereafter. All the other low density 
cell types were distinguishable from LB.(+) cells either by a 


5 In all cases, the growth of large volume standing cultures is 
described. Growth in small aliquots of medium is superior, 
particularly with the vitamin Bes-deficient cultures. 
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resumption of accumulation late in the incubation period, in those 
cases where it had ceased (low biotin), or by a marked acceleration 
of the rate, in those cases where accumulation was still in progress 
(HB, early exponential phase). The only exception to this cor- 
relation was observed with LB,(+) cells harvested from cultures 
which had been provided with sufficient vitamin Bs, to attain 
final cell densities (15 hours) of at least 0.30 mg. per ml., and 
which were harvested earlier in the growth period, before the ap- 
pearance of morphological variants (18). However, even these 
cells showed only a slight tendency to increase uptake late in the 
incubation period. Cells from pantothenate-deficient cultures 
behaved like the low-biotin cells, except that the resumption of 
accumulation occurred later, thus accounting for the lower ca- 
pacity observed in a 90-minute experiment (Table II). Cells 
from niacin-limited cultures behaved in a distinctive manner. 
The initial rate of accumulation by these cells was reduced 
greatly, and, subsequently, there was a linear accumulation at a 
still lower rate to the levels shown in Table II. The mechanism 
by which a vitamin Bg deficiency prevents accumulation late in 
the incubation period is under investigation. 

p-Glutamate Formation—Freshly harvested cells of L. arab- 
inosus contain a freely-extractable substance which resists en- 
zymatic decarboxylation and migrates on paper chromatograms 
like glutamic acid (16). Approximately equal amounts of this 
substance, believed to be p-glutamic acid, were found in LBs, 
and HB, cells. During glutamate accumulation, the appearance 
of isotope in this p-glutamate fraction in most experiments was 
comparable in both cell types harvested at equivalent growth 
phases. While these observations suggested that the deficiency 
failed to influence the activity of the glutamate racemizing sys- 
tem, experiments with disrupted cells showed that LB, cells con- 
verted p-glutamate to the L-isomer at only 15 to 20 per cent of 
the rate observed with HB, cells. Preincubation of LBg cell 
preparations with pyridoxal phosphate increased this activitv 
nearly to control HBg levels. 

Effect of Vitamin Bs Deficiency in S. faecalis R—The effect of 
vitamin Be, deficiency on the glutamate accumulation capacity 
of S. faecalis R has been studied briefly. In a limited number of 
experiments, a distinct reduction, averaging about 50 per cent, 
was observed in the total amount of glutamate accumulated by 
the deficient cells. The deficient cells used were harvested at 
12 hours, near the end of the period of exponential growth, at a 
cell density 40 per cent of the maximum observed in control, 
vitamin B,-supplemented cultures. The activities of various 
transaminases (15) and the alanine racemase (21) 3 are severely 
restricted in such cells. 


DISCUSSION 


A severe vitamin B, deficiency in L. arabinosus reduces the 
amount of glutamic acid which this organism can accumulate 
without diminishing the initial rate of accumulation. The fail- 
ure of the deficiency to impair the initial rate lends no support to 
the hypothesis that the amino acid accumulation process in this 
bacterium contains a vitamin B,-activated component. Men- 
tion should be made, however, of two theoretical limitations 
which could have prevented its detection in these experiments. 
These are (a) the suboptimal reaction rate of such a system as a 
result of cofactor depletion would be detected readily only if the 
vitamin B,-dependent portion of the accumulation process were 
normally one of the rate-limiting steps; (b) the hypothetical 
system might have an extremely high affinity for the vitamin 
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TaB_LeE II 


Glutamate accumulation capacity of cells from 
low density cultures 


Concentra- | 


tion of nu- | Cell § Growth Glutamate 
Growth-limiting nutrient trient in density yhase at 
harvest | arvestt capacity? 
| myug./ml. | mg./ml. | 
Pyridoxamine. . | 0.07 | 415 
Folic acid, p- -aminobenzoie | | 
Pyridoxamine.............. | 0 0.10 S 440 
Pyridoxamine................ 0.010. 0.11 LE | 495 
0.015) 0.15 DG 495 
0.050 0.15 DG 1250 
Pantothenic acid. ........ 9.0 0.17 DG 550 
2a...’ 0.17 LE 900 
| 6000 0.15 LE 1190 
Pyridoxamine o 0.025 | 0.24 LE 830 
6000 0.24 DG 1550 
Methionine .._—-—s—ssc¥«.... 2500 0.26 LE 1550 
0.24 EE 2070 
Pyridoxamine _.......... 0.050 0.30 LE 860 
Pyridoxamine.... | 0.10 0.36 LE 1310 
| 0.35 ME 1980 


* All cultures were harvested after 10 to 15 hours of incubation 
at 30°. 

+ The abbreviations used are: 
midexponential; LE, late exponential; 
rate; S, stationary. 

¢ The maximal amount of glutamate accumulated during a 90- 
minute incubation period is shown in those cases where losses 
occurred in the terminal phase of incubation. The standard 
uptake conditions were used, and accumulation was determined, 
in most cases, by the amount of isotope found in cell extracts. 


EE, early exponential; ME, 
DG, declining growth 


which would permit it to retain adequate amounts of the vitamin 
and thus to function at its maximum rate even under the severe 
deficiency conditions imposed in this study. The first of these 
two possibilities cannot be evaluated experimentally at this time; 
the second cannot be eliminated from consideration, regardless 
of the extent of desaturation of other vitamin B,-dependent 
enzymes, unless one were to obtain cells lacking all traces of the 
vitamin. 

A vitamin Be deficiency, however, does reduce markedly the 
amount of glutamic acid which can be accumulated on extended 
incubation by L. arabinosus and S. faecalis. In L. arabinosus 
this reduction in accumulation capacity exceeds the slightly 
lowered capacity observed in other deficient cell types. Since 
vitamin B,, under a variety of conditions, showed no activity in 
increasing the accumulation capacity of nongrowing cells, it 
would seem that its role in this process is indirect, i.e. that the 
accumulation of glutamic acid does not depend on the adequate 
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operation during the actual uptake period of a vitamin B,- 
dependent enzyme. Instead, some function relating to the de- 
termination of accumulation capacity during the growth of these 
cells is indicated. It must be recognized that this conclusion 
rests, to a large extent, on the failure of vitamin B, to reactivate 
deficient cells, and therefore assumes that the deficiency does not 
cause secondary changes which might prevent reactivation by 
vitamin B, alone. Separate studies (20) have shown that vita- 
min B,-deficient cells of L. arabinosus are notably incapable of 
retaining a variety of intracellular constituents. Therefore, if 
other low molecular weight components, in addition to vitamin 
Be, were required for the activity of the system which determines 
accumulation capacity, the failure to observe reactivation with 
vitamin B, might have been caused by a leakage of such sub- 
stances from the cell. Indeed, this may explain why vitamin 
B.-deficient cells, unlike other vitamin-deficient types, failed to 
increase accumulation capacity late in the incubation period even 
when preincubated with or incubated in the presence of vitamin 
Bs. An investigation of conditions favorable to reactivation of 
vitamin B,-deficient cells is in progress. 

The effect of a vitamin B, deficiency on accumulation capacity, 
as well as the unusual diphasic uptake seen with most low density 
cell types might be explained in terms of a heightened instability 
of a structural component in all such cells which leads to a pro- 
gressive inactivation of the concentrative mechanism during in- 
cubation. A cell wall lacking sufficient rigidity to withstand 
osmotic stresses could account for such behavior. This sugges- 
tion is consistent with reports that cell wall synthesis is incom- 
plete in cells in the early phases of growth (22), and that vitamin 
B,-deficient cells of L. arabinosus are morphologically abnormal 
- (18). 

Much of the evidence bearing on the proposal that vitamin Bz 
participates in amino acid transport in mammalian cells has been 
summarized recently (23). Additional evidence which appears 
to support this hypothesis has been reported subsequently (24, 
25). Further investigation will be required to determine whether 
the apparently contradictory findings reported here arise from a 
difference in the mechanism of the bacterial accumulations, from 
some limitation of the experimental procedure as discussed above, 
or because the action of the vitamin in the mammalian system is 
less direct than has been proposed. 
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SUMMARY 


The accumulation of freely-extractable 1-C'-glutamic acid 
was compared in cells of Lactobacillus arabinosus 17-5 grown in 
the absence and presence of vitamin Bs. Despite the depletion 
of all but trace amounts of intracellular vitamin Be, deficient 
cells accumulated glutamate in opposition to an apparent con- 
centration gradient at an initial rate equal to that observed in 
cells grown with an excess of the vitamin. The initial rate of 
accumulation in both cell types was unaffected by preincubation 
with isonicotinic acid hydrazide, semicarbazide and hydroxyl- 
amine. 

On extended incubation, vitamin B,-deficient cells accumulated 
only one-fifth to one-third as much glutamate as did vitamin 
B,-adequate cells. However, the accumulation capacity of non- 
growing vitamin B,-deficient cells could not be improved by 
preincubation with various combinations of pyridoxal, pyridoxal 
phosphate, glucose,and ATP. The presence of these compounds 
during accumulation also was ineffective. Equal glycolytic 
rates were observed with vitamin B,-deficient and -adequate 
cells. 

The glutamate accumulation characteristics of cells cultured 
with growth-limiting amounts of amino acids and other vitamins 
also was studied. Cells from all low density cultures had slightly 
to moderately reduced capacities, but in only one case (low 
pantothenate) was this as low as that of vitamin Be-deficient 
cells. The accumulation rate of all low density cell types de- 
clined in the intermediate portion of the incubation period. 
With the exception of vitamin B,-deficient cells, this was followed 
in all cases by an increase in the accumulation rate late in the 
incubation period, the extent of which largely determined the 
accumulation capacity. 

Vitamin B,-deficient cells of Streptococcus faecalis R also ex- 
hibited a reduced capacity for L-glutamic acid accumulation. 

The evidence presently available does not indicate a direct 
participation of vitamin B, in the glutamate accumulation proc- 
ess in Lactobacillus arabinosus. 
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The citric acid cycle is usually considered to be the mechanism 
by which most cells obtain the major portion of their energy. 
This appears to be true of the nucleated erythrocyte in which the 
cycle seems to play an additional important role; that of supply- 
ing certain essential metabolites. 

Porphyrins, intermediates in heme formation, are known to be 
synthesized in nucleated-red blood cells from two simple pre- 
cursors (1), glycine and the citric acid cycle member, succinate. 
Although the a-carbon atom of glycine, but not the carboxyl 
carbon, was shown to be utilized directly for porphyrin synthesis 
(2, 3), no conclusive evidence has been presented as to the pos- 
sible indirect participation of this amino acid in porphyrin 
formation. Glycine was demonstrated to account for 8 of the 
34 carbon atoms of protoporphyrin, while the remaining 26 were 
shown to be derived from acetate by way of an unsymmetric 
4-carbon atom compound (1,4, 5). This unsymmetric precursor 
is thought to be succinyl-Coenzyme A (6) arising from the citric 
acid cycle either from a-ketoglutarate or succinate, or both. 

The present work was undertaken to determine whether gly- 
cine, like acetate (7), could be metabolized appreciably via the 
citric acid cycle in nucleated erythrocytes and thus could contrib- 
ute significantly to the succinyl moiety of the pyrrole rings of 
porphyrins and perhaps also to the ureido groups of purines or 
other compounds as was previously postulated (8). Although 
glycine may not be incorporated into the cycle acids to the same 
extent as was acetate, the results obtained in this investigation, 
nevertheless, warrant the conclusion that glycine can contribute 
ndirectly to the biosynthesis of succinate and a-ketoglutarate. 


EXPERIMENTAL 


For this investigation, the previously described procedures for 
the study of the citric acid cycle in erythrocytes (7) were used. 
For each point under consideration two to three separate runs 
were performed. Because the metabolic pathways of glycine 
are numerous and its utilization by certain tissues is extensive, 
the use of larger amounts than of acetate for incubation with red 
cells was found necessary. After 50 mg. of the amino acid were 
added to the erythrocyte preparations, they were incubated for 
either 4 or 24 hours. In one experiment DPN was added to the 
incubation mixtures in case this cofactor may have been washed 
out during processing of cells. When it was found that the 
added DPN did not increase the levels of the intermediate acids 
appreciably, it was omitted in subsequent experiments. 

Use of Glycine-2-C''—Experiments utilizing glycine-2-C', 

* The data in this paper are taken from a dissertation sub- 
mitted to the Graduate School of Wayne State University by 
Rashid M. Dajani, in partial fulfillment of the requirements for 
the degree Doctor of Philosophy, June 1957. Supported by Re- 
search Grant No. CY 2144 from the National Institutes of Health. 
A preliminary report was presented before the American Society 
of Biological Chemists at Chicago, April 1957. 


877 


similar to those with acetate-1-C™ (7), were performed in order 
to obtain further evidence for the incorporation of this amino 
acid into the cycle. Glycine-2-C, 0.5 mg., (activity 1.16 me. per 
mmole) was mixed with 50 mg. of the nonlabeled acid. The 
activity obtained varied from a few counts to 150 ¢.p.m. over 
and above the background. As this amount of activity is too 
low to permit accurate interpretations, the experiments were 
repeated with a higher concentration of the labeled glycine (1.8 
mg. of glycine-2-C™ plus 20 mg. of the nonlabeled amino acid). 


RESULTS AND DISCUSSION 


From the experiments represented in Table I it is clear that 
glycine can be metabolized by way of the citric acid cycle, giving 
rise to all of the components of the cycle. It may be noted also 
that the concentrations of intermediates obtained are almost 
identical with those resulting from incubation with acetate. 
That the similarity in the pattern of incorporation is striking 
indeed, can be seen by comparing the levels of the acids syn- 
thesized in the cells after incubation with the two substrates for 
a 4-hour interval. 

With regard to the effect of time of incubation on the incorpora- 
tion of glycine in the cycle, the data of Table I reveal that there 
is no great difference between the levels obtained after 4 hours 
or 24 hours of incubation. However, as might be expected, the 
amounts are somewhat less in the longer interval. 

Experiments with glycine-2-C are summarized in Table II. 
It may be noted that the levels of the acids are similar to those 
obtained when nonlabeled glycine was used as a substrate. 
Furthermore, the concentrations of the individual acids are of 
the same magnitude as was found with acetate (7). However, 
the degree of incorporation of glycine-2-C" appears to be less than 
that found in experiments employing acetate-1-C™. This is to be 
expected since the acetate used was much more active than the 
glycine (4.11 me. per mmole for acetate and 1.16 mc. per mmole 
for glycine). Moreover, the isotopic glycine was diluted with 
nonlabeled carriers to a greater extent. In addition, the place of 
labeling is different in the two compounds, being in the carboxyl 
and methyl carbon in acetate and glycine, respectively. The 
differences of labeling in the substrates would, certainly, result 
in C¥ activity at different positions in the molecules of the various 
cycle acids. Nevertheless, the present results provide unequivo- 
cal evidence of the incorporation of glycine into the citric acid 
cycle. The conclusion appears warranted, therefore, that 
glycine may contribute both directly (8) and indirectly to the 
biosyntheses of porphyrins and perhaps of other compounds by 
way of the tricarboxylic acid cycle in nucleated erythrocytes. 
This concept is in line with the succinate-glycine cycle (8, 9) 
which has been postulated in order to explain the formation of 
6-aminolevulinic acid, a precursor of porphyrins, as well as 
some other features of the metabolism of glycine. 
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TABLE I 


Average* concentration in mmoles per l. X 10-* of Krebs cycle acids 


in nucleated erythrocytes incubated with glycine 


Utilization of Glycine by Nucleated Erythrocyte 


Glycine + 
Glycine (50.0 mg.) DPN 

(2.0 mg.) 

Acid Control 

4 hours’ 24 hours’ 4 hours’ 

incubation | incubation | incubation 
4.3 6.8 5.6 6.7 
Pyruvic. . 15.4 42.9 41.8 42.2 
Citric. 0.9t 26.7 26.7 26.7 
ES 1.0t 1.9 1.8 1.9 
a-Ketoglutaric........... 2.4 18.7 | 18.2 19.0 
5.1 | 49.0 | 47.8 48.2 
12.0 57.5 56.0 56.8 
4.1 | 30.5 | 29.3 33.1 


* Average of two to three separate runs. 
t+ Amount too small to be determined accurately. 


Because it has been conclusively established that glycine enters 
the citric acid cycle as one route of its degradation, the question 
may be posed as to the mechanism or mechanisms by which this 
occurs. Several pathways for glycine catabolism have been 
proposed. Weinhouse (10), in a review of the synthesis and 
degradation of glycine summarized two of these metabolic 
channels as follows: The first leads to CO, formation by way of 
glyoxylate — formate, while the second involves the formation 
of serine — pyruvate — citric acid cycle. However, this investi- 
gator presented evidence and reasons which argue against the 
second as a major pathway for glycine oxidation. In fact, his 
studies in vitro in rat liver suggest that this route represents 
a quantitatively unimportant pathway of glycine catabolism. 
Indeed, some evidence in favor of the first route as a major 
pathway for glycine degradation has been obtained by several 
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Fic. 1. Postulated pathways for the degradation of glycine by 
way of the citric acid cycle. The numbers are for references. 


workers (10-13). Sprinson (14), on the other hand, has demon- 
strated that acetic and aspartic acids, precursors to the cycle 
acids, can be formed from glycine in the rat. The data indicated 
that both carbon atoms of acetate are derived from the a-carbon 
atom of glycine. Also the a- and B-carbon atoms of aspartic 
acid are derived from the methy] carbon of glycine. As a pos- 
sible mechanism for these transformations he proposed, on purely 
hypothetical grounds, that glyoxylate, the deamination product 
of glycine, condenses with glycine to produce a 4-carbon atom 
intermediate which is in equilibrium with aspartic acid. A 
similar reaction is described in the microorganism, Diplococcus 
glycinophilus, by Barker et al. (15). These authors suggested 
the condensation of two molecules of glycine, or a derivative of 
it, at the a-carbon atoms leading to the formation of a Cy 
dicarboxylic acid. The carboxyl carbon atoms are converted 


TABLE II 


Average* concentration and specific activities of Krebs cycle acids in nucleated erythrocytes 


incubated with glycine-2-C'4 or acetate-1-C* 


| 


| Glycinet + | | Glycine + 
mmole/l. 174 c.p.m./mmole XK 105 
Lactic. . 0.47 | 0.47 0.48 19.7 
| | | | ats | 128 | 12.5 12.4 470.0 
Aconitic (cis and trans)... 1.19 | 1.5 | 1.65 | 0.59 | 1.6 12.0 420.0 
17.35 19.50 | 7.05 | 16.0 oy 6.82 270.0 
8.0 | 48.1 | @.7 7.1 332.0 
Fumaric. 12.0 5.0 | 57.0 | 55.5 | 51.0 6.8 7.0 6.9 278.0 
Oxalacetic. . 4.05 | 23.25 | 27.0 | 140.0 | 28.0 7.15 280.0 


* Average of two to three separate runs. 


t Glycine-2-C"* (activity 1.16 mc. per mmole), 1.8 mg; glycine, 20.0 mg. 


t u-Maliec acid, 0.05 mg. 
§ Fluoroacetic acid, 0.50 mg. 


| Taken from Table IV, J. Biol. Chem., 231, 913 (1958) for comparison. 


{¢ Amount too small to be determined accurately. 
* Mixed with acetoacetate. 
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to CO2, while the remaining carbon atoms are converted into 
acetic acid. The direct reduction of glycine to acetic acid was 
shown not to be an important reaction. Still another pathway 
would be glycine to glyoxylic acid to malic acid by way of the 
“glyoxylate cycle’ of Kornberg and Krebs (16). The accom- 
panying diagram (Fig. 1) summarizes postulated pathways for 
the degradation of glycine involving the citric acid cycle. Al- 
though none of these pathways has been shown to be operative 
in the nucleated erythrocyte, it would not be unreasonable to 
postulate that the degradation of glycine may follow one of these 
routes. Obviously, further studies will be necessary to clarify 
this point. 

In the course of the study with labeled glycine an unknown 
fraction ‘‘x’”’ which did not titrate with sodium hydroxide but 
gave the highest count of all fractions, was eluted from the silica 
gel column. This fraction assumed a position on the chromato- 
gram between cis-aconitic and malic acids. To exclude the 
possibility that fraction ‘‘x” was glycine, a 50-mg. sample of the 
nonlabeled amino acid mixed with 1.0 mg. of the radioactive 
acid was processed as for erythrocytes. No radioactive fraction 
could be detected. In another experiment with the use of 
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labeled glycine, the fractions which corresponded to substance 
“z’’ were pooled, concentrated, and chromatographed on paper. 
Simultaneously, spots were made from uric acid, guanine, and 
adenine (substances known to originate, in part at least, from 
glycine) in addition to pure glycine, in an effort to identify this 
highly active fraction. This technique indicated that the un- 
known substance was not any of these compounds. More work 
is needed for its characterization. 


SUMMARY 


Glycine was shown to be utilized by the nucleated erythrocytes 
for the formation of the individual Krebs cycle acids. Similar 
patterns of the acid spectrum were obtained with glycine-2-C™ 
as with acetate-1-C. However, there were differences between 
the amounts and specific activities of the cycle acids when either 
glycine or acetate was used as a substrate. Nevertheless, the 
data show that glycine can be used as a precursor for the cycle 
intermediates and, therefore, can be involved indirectly, as well 
as directly, in biosyntheses in nucleated erythrocytes. 

Mechanisms for the incorporation of glycine into the citric 
acid cycle are discussed. 
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VII. MECHANISM OF FORMATION OF QUINOLINIC ACID* 
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The establishment of 3-hydroxyanthranilic acid as an inter- 
mediate in the biosynthesis of nicotinic acid from tryptophan 
was determined with the use of Neurospora crassa as the test 
organism (1, 2) and in mammals (3). Studies by Heidelberger 
et al. (4) with pL-tryptophan-3-C"™ demonstrated that kynurenine 
was one of the compounds in the reaction sequence of tryptophan 
conversion to nicotinic acid, and that the nicotinic acid isolated 
was labeled in its carboxyl group. Schayer and Henderson (5) 
with deutero-N!*-indole labeled tryptophan found almost all of 
the N?!® incorporated in the pyridine ring of quinolinic acid. 
Schweigert (6) and Bokman and Schweigert (7) reported that 
3-hydroxyanthranilic acid may be quantitatively converted to 
quinolinic acid using rat liver homogenates or slices. Miyake 
et al. (8) proposed a quinonoid-type structure for the interme- 
diate, but Wiss and Bettendorf (9) have demonstrated that the 
first intermediate compound in the conversion of 3-hydroxyan- 
thranilic acid to quinolinic acid is an aliphatic cleavage compound, 
1-amino-4-formy]-butadiene-1 ,3-dicarboxylic acid (1, 2). This 
compound was quantitatively converted to quinolinie acid 
spontaneously in the absence of any enzymes. Mehler (10), how- 
ever, showed that 3-hydroxyanthranilic acid oxidase, prepared 
by protein fractionation of an acetone powder of guinea pig liver, 
produced picolinic acid and he suggested that 3-hydroxyan- 
thranilic acid oxidase functions in the formation of an aliphatic 
cleavage product which may then spontaneously form quinolinic 
acid or may be enzymatically decarboxylated to form picolinic 
acid. 

With the use of a liver enzyme system, Makino et al. (11) re- 
ported that 3,4-dihydroxyanthranilic acid was as active as 
HAA!’ in promoting nicotinic acid formation, but this has not been 
confirmed by other investigators (3, 7, 9). Henderson and 
Hankes (3) observed that tryptophan labeled in positions 3a, 
7a, and 7 formed quinolinic acid labeled in the number two and 
three positions of the pyridine nucleus, and in the a-carboxy] 
group. The specific activity of the nicotinic acid subsequently 
formed was greatly diluted. However, this dilution could be 
due to loss during the metabolic conversion of quinolinic acid 
to nicotinic acid or to dilution in the body pool of N’-methyl- 
nicotinamide. 


* Supported in part by a grant (No. A-728) from the United 
States Public Health Service. Journal Paper No. 167, American 
Meat Institute Foundation. 

t Recipient of the H. R. Kraybill Fellowship of the American 
Meat Institute Foundation, 1957-1958. 

t Present address, California State Polytechnic, San Luis 
Obispo, California. | 

1 The abbreviation used is: HAA, 3-hydroxyanthranilie acid. 


The present study was initiated because neither the exact 
position of cleavage of the molecule in the conversion of HAA to 
quinolinic acid nor the metabolic fate of carbon atom 3 of HAA 
has been unequivocally demonstrated. The nature of the reac- 
tions involving the carbon atom at position 3 of the HAA ring 
was considered to be of paramount importance. It was con- 
sidered that this labeling would demonstrate the mechanism of 
conversion of HAA to quinolinic acid by tracing the position 
change of carbon atom 3 in the benzene nucleus of HAA. 

A nine-step chemical synthesis starting with phenol-1-C" 
was designed to prepare HAA exclusively labeled in position 3. 
In addition to the preparation of the labeled compound, tech- 
niques were devised to isolate and purify quinolinic acid, CO, 
liberated, and the nicotinic acid formed. The use of an enzyme 
system prepared from an acetone powder of rat liver with the 
use of unlabeled compounds demonstrated the feasibility of this 
approach. 


EXPERIMENTAL 


Synthesis of 3-hydroxyanthranilic Acid-3-C4—A solution com- 
posed of 100 gm. of phenol-1-C", I, (stated specific activity 103 
c.p.m. per umole) and 28 ml. of water was nitrated at 15° and 
the 2-nitro and 4-nitro isomers were separated by indirect steam 
distillation (12). Total yield was 38.8 gm. of the desired 2-ni- 
trophenol-1-C™, II, (28 per cent),? m.p. 44-45°, melting point 
undepressed on mixture with an authentic sample. II was re- 
duced in acetic anhydride with the use of hydrogen and Raney 
nickel at 92° (13). The yield of O,N-diacetyl-2-aminophenol- 
1-C™4", III, was 34.8 gm. (65 per cent), m.p. 124-125°, reported 
124-125°. This diacylated derivative was nitrated at 0° in 
acetic anhydride and acetic acid to form the 3-nitro (minor 
product) and 5-nitro isomers, (14). The isomers were separated 
by their different rates of dissolution in hot 95 per cent ethanol. 
The total nitration yield was 38.5 gm. (90 per cent); and of 3- 
nitro-O , N-diacetyl-2-aminophenol-1-C™’, IV, 13.1 gm. (31 per 
cent), m.p. 182-183°, reported 183°. 

The 3-nitro isomer was then deacylated by heating it for 20 
minutes in a wax bath at 200° and then at 235° for an additional 
15 minutes (15). Total yield of 2-methyl-4-nitrobenzoxazole- 
7a-C'4, V, was 7.6 gm. (77 per cent), m.p. 124-125°, reported 
125°. Reduction of V in ethanolic Raney nickel with hydrogen 
at 60° for 2 hours produced 5.3 gm. (84 per cent) of 4-amino-2- 


2 Percentage yields are given on a molar basis from the preceding 
compound. We are indebted to Dr. Kenneth Kopple, Department 
of Chemistry, for his counsel in devising the reaction sequence 
used. 
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Fic. 1. Chemical synthesis of 3-hydroxyanthranilic acid-3-C"™ 
from phenol-1-C", 


methylbenzoxazole-7a-C™, VI, m.p. 78-79°, reported 78-79° (16). 
This compound was then diazotized with nitrous acid at 5° and 
the product was added to a cuprous cyanide solution to form 
VII, which was_ purified 
on an alumina column (16). Total yield was 2.2 gm. (40 per 
cent), m.p. 108-109°, reported 108-109°. 

The following reactions were performed with the method of 
Sannie and Lapin (16) with slight modifications. VII was 
hydrolyzed with water in a sealed micro-Carius tube at 180° 
for 3 hours to form 380 mg. (17 per cent) of 4-carboxamide-2- 
methylbenzoxazole-7a-C™, VIII, m.p. 170—-172°, reported 172°. 
This derivative was hydrolyzed in 100 per cent orthophos- 
phoric acid with the use of sufficient phosphorus pentoxide, 
to form N-acetyl-3-hydroxyanthranilic acid-3-C“%, IX. Total 
yield was 110 mg. (32 per cent), m.p. 143-144°, reported 143- 
144°. The acetyl group was hydrolyzed with hot barium hy- 
droxide to form 50 mg. (57 per cent) of the desired compound, 
3-hydroxyanthraniliec acid-3-C™, X, m.p. 240—250° (decomposes), 
reported 245-265° (decomposes), melting point undepressed 
on mixture with an authentic sample. The specific activity of 
the synthesized HAA was 80 ¢.p.m. per umole. Total counts 
were 2.6 X 10‘ c.p.m., corresponding to an over-all yield of 0.03 
percent. A summary of the reaction sequence is shown in Fig. 1. 

The purity of the HAA was also evaluated spectrophotometri- 
cally and photofluorometrically. The ultraviolet spectrum of 
the product and of an authentic sample were identical (Fig. 2). 

Enzyme Preparation—Adult male Holtzman rats were de- 
capitated and the livers removed. An acetone powder was 
prepared immediately by homogenizing the livers with 20 
velumes of cold acetone for 2 minutes and filtering the suspension 
until dry with the use of suction. The powder was resuspended 
in 20 parts of acetone and the procedure repeated. The tan 
powder, 3 gm. of that obtained in this manner, was extracted 


with 45 ml. of 0.01 m phosphate buffer, pH 7.0, for 45 minutes at 


5°, the insoluble matter removed by centrifugation, and the clear 
supernatant solution used as the enzyme source. In each ex- 
periment, the acetone powders were prepared just before use to 
assure the presence of an adequate amount of active enzyme. 
Incubation—Reaction mixtures containing approximately 6 
mg. of substrate,’ 10 ml. of enzyme solution, and sufficient buffer 
at pH 7.0 to make a final volume of 35 ml. were incubated in 
open beakers with mechanical stirring for 45 minutes at 37.5°. 
This procedure is identical to that used in previous studies in 
this laboratory (7, 8). The reaction was stopped by adding 1 
ml. of 20 per cent metaphosphoric acid. The precipitate was 


3 Determinations of HAA by spectrophotometric and photo- 
fluorometric methods ranged from 95 to 102 per cent of the amount 
added. 
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Fig. 2. Ultraviolet absorption spectra of authentic HAA and 
synthesized radioactive HAA. Concentration of the authentic 
sample, 25 ug. per ml. and of the synthesized sample 21 yg. per ml. 
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- observed with varying concentrations of HAA in phosphate buffer, 


pH 7.0. The concentrations used in the spectrophotometric de- 
termination are shown on the lower abscissa and in the photo- 
fluorometric determination are on the upper abscissa. 


removed by filtration and the supernatant solution diluted to 
40 ml. for further analysis. 

Analytical Methods—The amount of HAA metabolized was 
determined fluorometrically as described by Bokman and 
Schweigert (7) (Fig. 3). The amount of quinolinic acid in the 
reaction mixture was determined spectrophotometrically in 1-cm. 
silica cells in a Beckman model DK recording spectrophotom- 
eter, with the use of a predetermined molar extinction coef- 
ficient of 3610 at 268 mu. 

The quinolinic acid from the incubation mixture was then puri- 
fied on a Dowex 1 anion exchange column, with 0.1 m CaCl, as 
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Fic. 4. Separation of quinolinic acid from HAA on a Dowex 1 
anion exchange column with 0.1 m HCl. 


the eluting agent, from any HAA that was present (Fig. 4). The 
amount of CO, formed from the decarboxylation of quinolinic 
acid was determined by trapping it in a saturated solution of 
Ba(OH), and weighing it as BaCO;. The nicotinic acid formed 
was determined microbiologically with Lactobacillus arabinosus 
17-5 as the test organism. Radioactive counting was done in a 
gas flow windowless counter. 


Enzyme Conversion Studies 


Preliminary experiments with nonlabeled HAA indicated the 
feasibility of determining the fate of the labeled carbon atom-3 
in the conversion of HAA to quinolinic acid (Table I). Quino- 
linic acid was previously found not to interfere with the photo- 
fluorometric determination of HAA (7). This permitted a 
photofluorometric as well as a spectrophotometric method of 
determining the amount of substrate metabolized during in- 
cubation with the enzyme system. Measurements of the HAA 


TaBLe I 


Formation of quinolinic acid, CO2, and nicotinic acid from 
. nonradioactive HAA 


— a . CO: f d Nicotini i 
weight eS weg “ linic acid, sample linic acid, sample 
e1g weight weight 
meg. mg. meg. mg. 
5.5 5.6 (9395 )§ 7.3 (103%) 4.2 (95%) 
5.1 6.0 (107%) 6.2 (94%) 3.8 (938%) 


* Determined spectrophotometrically. 

7 Determined gravimetrically. 

¢t Calculated from a standard curve using L. arabinosus as the 
test organism. 

§ Percentage yields calculated on a molar basis. 
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TABLE II 


Yields of quinolinic acid, CO2, and nicotinic acid from 
8-hydrozyanthranilic acid-3-C'4 


3-Hyd act edasB Nicotinic acid 
Sample | Radio | Sample Radio- Sample Radio- Sample Radio- 
weight jactivity| weight activity weight ativity weight | activity 
meg. c.p.m. meg. c.p.m. mg C.p.m. mg. C.p.m. 
6.1 | 3100 6.1 3050 7.9 3050 4.7 none 
(92%)§ (97%) | (100%) | (97%) | (96%) 
5.3 | 2820; 5.6 2510 6.3 2570 4.1 none§ 
(96%) | (96%) | (92%) | (94%) | (96%) 
6.2 | 3100} 6.2 | 3030 7.5 3030 | 4.8 | none 
(91%) | (95%) | (94%) | (95%) | (96%) 


* Determined spectrophotometrically. 

1 Determined gravimetrically. 

t Calculated from a standard curve using L. arabinosus as the 
test organism. 

§ Percentage yields calculated on a molar basis. 

{ Less than 15 c.p.m. 
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Fic. 5. Absorption curves for HAA (Curve 1) and metaphos- 
phoric acid filtrate (Curve 2) from a 45-minute incubation period. 


in the enzyme system inactivated by acid showed a complete 
disappearance of substrate (Table II) in all three experiments 
carried out with labeled HAA. This was in agreement with 
the observed shift in the spectral curve from 315 my, the peak 
of maximal absorption for HAA, to 268 muy, the peak of maximal 
absorption of quinolinic acid (Fig. 5). The slight peak at 372 
my was due to the presence of a very small amount of unreacted 
intermediate (8). Essentially all of the radioactivity was found 
in the quinolinic acid formed (Table I1). 

The spectral analysis of the eluate from the Dowex 1 anion 
exchange column was identical to that of pure quinolinic acid, 
and the amount of radioactivity found indicated that the labeled 
carbon 3 of the HAA was undiluted in the quinolinic acid formed. 

The quinolinic acid was decarboxylated with glacial acetic acid 
at 125° for 35 minutes and the evolved CO, was trapped in 
a saturated Ba(OH). solution as BaCO;3. Purified, CO,-free 
nitrogen was used to flush all the CO, formed into the trap and 
under these conditions, the evolved CO: was obtained quantita- 
tively. The BaCO;-Ba(OH), solution was immediately filtered 
onto a 25-mm. filter paper disc, with the use of a Tracerlab 
E-8B stainless steel precipitation apparatus, washed with a small 
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amount of cold water, and finally washed with acetone. The 
dried disc containing the BaCO; was weighed and counted for 
radioactivity. The results are summarized in Table II. The 
amount of CO, formed was consistent with the theoretical amount 
of quinolinic acid formed from the HAA and the results indicate 
that all of the radioactivity was present in the a-carboxy! group 
of the quinolinic acid. 

No nicotinic acid was detected in the test samples before de- 
carboxylation of the quinolinic acid. The nicotinic acid solu- 
tion obtained from the decarboxylation of the quinolinic acid was 
purified on a Dowex 50 cation exchange column, with 0.75 N 
HCl as the eluting agent. No radioactivity was detected in the 
nicotinic acid fraction and the amount of nicotinic acid produced 
was equal to the determined amount of quinolinic acid initially 
formed by the enzyme system. 


DISCUSSION 


If the mechanism of conversion of HAA to quinolinic acid does 
occur through cleavage between carbon atoms 3 and 4 of its 
benzene ring, carbon 3 should form the a-carbon atom of the 
quinolinic acid. This carbon atom would then be evolved as 
CO. from the decarboxylation of quinolinic acid to nicotinic acid. 
The amount of radioactivity found in the quinolinic acid and in 
the CO, after decarboxylation of quinolinic acid clearly demon- 
strates that the CO, is derived from carbon 3 of HAA in the 
enzymatic conversion of HAA to quinolinic acid. No radio- 
activity was found in the nicotinic acid and since the amount 
of nicotinic acid formed was in agreement with the theoretical 
quantity that should have been produced, picolinic acid, if 
present was a minor product. The amount of quinolinic acid 
formed was also in agreement with the amount of substrate 
metabolized, as measured photofluorometrically and spectro- 
photometrically. The postulated scheme of the conversion of 
HAA to nicotinic acid is shown in Fig. 6. 

Wiss and Bettendorf (9) have demonstrated that the HAA 
takes up oxygen to form the postulated intermediate, compound 
XI. This may be expected to tautomerize to an acrolein- 
maleic acid derivative, compound XII, and then to form quino- 
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Fig. 6. Postulated scheme of the conversion of HAA to nieco- 
tinic acid. 


linic acid, compound XIII, spontaneously or enzymatically or 
both. The quinolinic acid is then decarboxylated to form nic- 
otinic acid, compound XIV, and COs. 


SUMMARY 


1. A chemical synthesis of 3-hydroxyanthranilic acid-3-C™ 
from phenol-1-C™ was devised. 

2. A method for the spectrophotometric determination of 
quinolinic acid has been developed after purification of quino- 
linie acid by chromatography. 

3. 3-Hydroxyanthranilic acid-3-C™, incubated at 37.5° with 
an enzyme preparation from rat liver, was quantitatively con- 
verted to quinolinic acid, which, after purificatoin was shown 
to contain all of the radioactivity in its a-carboxyl group with- 
out dilution. 

4. Quinolinic acid-a-carboxy-C™ was quantitatively decarbox- 
ylated nonenzymatically to form C™O, and unlabeled nicotinic 
acid, 

5. A mechanism for the conversion of 3-hydroxyanthranilic 
acid to quinolinic acid has been postulated tracing the change of 
carbon atom 3 of 3-hydroxyanthranilate to the a-carboxyl group 
of quinolinic acid and then to CO. All of the original radio- 
activity was shown to be in the COs, collected. 
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The implication of 5-hydroxytryptamine in a wide variety of 
metabolic and physiologic functions (1) suggested a study of 
factors influencing the biosynthesis of this amine. The rate of 
biosynthesis of 5-hydroxytryptamine can be accelerated in vitro 
or in vivo by addition of the precursor, 5-hydroxytryptophan (2), 
or the appropriate form of the coenzyme, pyridoxal phosphate 
(3, 4). Inhibition of 5-hydroxytryptophan decarboxylase by 
carbonyl reagents (3, 5, 6), metal-chelating agents (6), cupric 
ions (3), phenylalanine derivatives (7), and substituted indoles 
(8) has been reported. Nonspecific inhibition by sulfhydryl- 
characterizing reagents has also been demonstrated (3). 

In the course of a study of the effects of various compounds on 
the 5-hydroxytryptophan decarboxylase activity of rat kidney 
homogenates, norepinephrine was found to be inhibitory. In 
view of certain interesting postulates regarding the role of nor- 
epinephrine and of 5-hydroxytryptamine (9), the mechanism of 
the observed inhibition was investigated in detail. Kinetic and 
spectral analysis revealed that the inhibition of the decarboxylase 
by norepinephrine is formally noncompetitive, involving the re- 
moval of the coenzyme, pyridoxal phosphate, through non- 
enzymatic combination with the inhibitor. The product of this 
interaction has been prepared and analyzed. 


EXPERIMENTAL 


Methods—The 5-hydroxytryptophan decarboxylase activity of 
rat kidney homogenates was determined by measuring the 5- 
hydroxytryptamine formed during a 2-hour anaerobic incubation 
at pH 8.0 in 0.1 m sodium pyrophosphate buffer. The incuba- 
tion mixture consisted of 270 umoles of buffer, 10 uwmoles of 5- 
hydroxytryptophan, 0.1 umole of pyridoxal phosphate, and 20 
to 25 mg. dry weight of the homogenate in a final volume of 3.0 
ml. Details of the incubation and the analysis have been re- 
ported elsewhere (3). The compounds studied were added to 
the incubation mixture to give the final concentrations indicated. 
All activity data are in terms of umoles of 5-hydroxytryptamine 
formed per 100 mg. of dry weight per hour. 

Examinations of the ultraviolet spectra were carried out in 1- 
cm. silica cells with a Beckman model DU spectrophotometer. 
Infrared analyses were obtained with a Perkin-Elmer model 21 
spectrophotometer. 

Materials—The compounds used were obtained from the fol- 
lowing sources: amphetamine (Smith, Kline and French Lab- 
oratories), norepinephrine (Mann Research Laboratories, Inc. 


* A brief report of this work was presented before the American 
Society of Biological Chemists, April 13-18, 1958, in Philadelphia, 
Pennsylvania. 


and Winthrop Laboratories), epinephrine, tyramine hydrochlo- 
ride, 5-hydroxytryptamine creatinine sulfate, and 5-hydroxy- 
pL-tryptophan (Nutritional Biochemicals Corporation), 3- 
hydroxytyramine (California Foundation for Biochemical 
Research), phenylpropanolamine hydrochloride (Merck, Sharp 
and Dohme), m-hydroxyphenylpropanolamine (Dr. M. L. Tain- 
ter, Sterling-Winthrop Research Institute), and phenylethyl- 
amine (Eastman Organic Chemicals). 


RESULTS 


During an investigation of the effect of a wide variety of com- 
pounds on the 5-hydroxytryptophan decarboxylase activity of 
rat kidney homogenates significant inhibition was obtained with 
norepinephrine. Further study showed that this inhibition oc- 
curred only in the presence of added codecarboxylase (Fig. 1). 
In an attempt to characterize the inhibition, the absorption 
spectra of incubation mixtures in which the reaction was stopped 
by heating were examined. It was found that the pyridoxal 
phosphate absorption maximum near 390 my had disappeared 
during the incubation and had been replaced by a new maximum 
at 320 my. Similar results were obtained when norepinephrine 
and codecarboxylase were incubated together in the absence of 
the homogenate under the conditions of the enzymatic studies 
(Fig. 2). 

These results suggested a direct reaction between codecar- 
boxylase and norepinephrine and recalled the inhibition of 3,4- 
dihydroxyphenylalanine decarboxylase by an excess of the sub- 
strate or related compounds (10-12) and the inhibition of 
cysteinesulfinic and cysteic acid decarboxylases by cysteine (13). 
These latter inhibitions have been ascribed to an interaction of 
the inhibitor with codecarboxylase and spectrophotometric evi- 
dence of such reactions has been presented (10, 13). One type 
of reaction between norepinephrine and pyridoxal was studied 
by Heyl et al. (14), who observed that these compounds inter- 
acted under reducing conditions to form an N-pyridoxyl deriva- 
tive. This group inferred that if reduction of the intermediate 
Schiff base were not carried out immediately, rearrangement to 
a tetrahydroisoquinoline would have occurred. Schott and 
Clark (10) prepared and characterized a tetrahydroisoquinoline 
from m-hydroxyphenylpropanolamine and semipurified code- 
carboxylase and, by comparing its spectral characteristics with 
those of reaction mixtures containing the cofactor and other 
phenylethylamines which included norepinephrine, assumed that 
the norepinephrine-codecarboxylase product was tetrahydroiso- 
quinoline. These workers, however, were unable to isolate the 
product of any of the latter reactions. 
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A second possibility was suggested by the similarity between 
the spectral changes observed in the present study and those re- 
ported as occurring during the inhibition of cysteinesulfinic and 
cysteic acid decarboxylases by cysteine (13). In this latter case 
the inhibition was ascribed to nonenzymatic formation of a 
thiazolidine from cysteine and pyridoxal phosphate. The pos- 
sible formation of an analogous oxazolidine derived from nor- 
epinephrine and pyridoxal phosphate could not be neglected in 
the present studies in view of the report of oxazolidine formation 
from L-ephedrine and benzaldehyde (15). 

Finally, it was thought that a Schiff base might have been the 
product of the observed reaction between pyridoxal phosphate 
and norepinephrine. To choose among these possibilities the 
following studies were undertaken. 

Mechanism of Reaction—The reactive groups involved in the 
observed reaction were indicated by the following. When epi- 
nephrine and pyridoxal phosphate were incubated under the con- 
ditions described no alterations of the spectral characteristics 
were noted. Although pyridoxal phosphate gives a positive 


carbonyl reaction with phenylhydrazine, this carbonyl test was 

negative with the incubated mixture of norepinephrine and code- 6 i 

carboxylase. These findings suggested a reaction between the 

amino group of norepinephrine and the carbonyl] group of code- 5} . 

carboxylase. The reaction was found to occur readily at pH 

7.4 to 8.0 in barbital, phosphate, or pyrophosphate buffers in the © 4h ; 

presence or absence of air. 
The three possible reactions cited above, all of which involve c 3 \ we 

a free amino group and the loss of a carbonyl, were then con- D 5 vo : 

sidered. First, a Schiff base as the product of the reaction be- a or *f i 

tween codecarboxylase and the amino group was rendered un- 

likely by the recent report of Matsuo (16) that such reactions, ib. fe 

under conditions similar to those used here, cause a shift of the es Se. 

390 my peak to higher wave lengths rather than toward 320 mu. 9 <0 


Next, the formation of an oxazolidine was ruled out on the basis 
of the results obtained with a series of phenethylamines which 
indicated that the secondary alcohol moiety of norepinephrine is 
not essential for reaction of the phenethylamine with codecar- 
boxvlase (Table I). 
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INHIBITION (%) 


x 
.OOO! 
NOREPINEPHRINE CONCN. (M) 


Fic. 1. The effect of norepinephrine on 5-hydroxytryptophan 
decarboxylase in the presence, X——X, or absence, O——O, of 
added codecarboxylase (0.1 wmole per 3 ml.) 


WAVELENGTH (mp) 


Fic. 2. Ultraviolet absorption spectra of 0.2 umole each of 
pyridoxal phosphate (Curve 1) and norepinephrine (Curve 2), 
the nonenzymatic reaction mixture (Curve 3), and the heat-in- 
activated incubation mixture (Curve 4). 


TABLE I 
Reactivity of substituted phenethylamines with codecarboxylase and inhibition of 5-hydroxytryptophan decarborylase 


Conditions: Reactivity with codecarboxylase was estimated by the decrease in absorbance at 390 my when 0.2 umole each of pyri- 
doxal phosphate and the test compound were incubated together for 2 hours in N2 at room temperature in 0.1 Mm sodium pyrophosphate 


buffer, pH 8.0. Enzymatic inhibition was determined as outlined under ‘‘Methods.’’ 


Activity of control homogenates was in the 


range 3.24 to 4.66 uwmoles of 5-hydroxytryptamine per 100 mg. per hour. 


Ri —CH—CH—NH Reactivity with | decarbox- 
| | | codecarboxylase ylase inhibition 
Rz Rs Rs 
Ri R: Ra Ra Rs | 10M 

Phenylethylamine............. H H H H H 0.013 None 
OH H H H H 0.035 None 
m-Hydroxytyramine........... OH OH H H H 0.224 39 53 
Norepinephrine................ OH OH OH H H 0.275 33 52 
Epinephrine. .................. OH OH OH H CH; 0.017 None None 
Phenylpropanolamine.......... H H OH CH; H 0.000 None 
m-Hydroxypheny!propanol- 

H OH OH CH; H 0.254 29 63 
3,4-Dihydroxyphenylalanine. .. OH OH H COOH H 0.216 57 78 
Amphetamine................. H H H CH; H 0.050 None 
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ABSORBANCE 


0 =e i 
240 260 


300 320 340 360 380 400 
WAVELENGTH (my) 

Fic. 3. Ultraviolet absorption spectra of the synthetic tetra- 
hydroisoquinoline. Solvents used were HCl, pH 1.0, phosphate 
buffer, pH 2.0, citrate buffer, pH 3.0, formate buffer, pH 4.0, and 
pyrophosphate buffer, pH 8.0. In all cases, 100 mg. of the com- 
pound per |. of 0.1 M solvent. 


% TRANSMISSION 


4 5 6 7 8 10 
WAVELENGTH (MICRONS) 
Fic. 4. Infrared absorption spectrum of the synthetic tetra- 
hydroisoquinolinein KBr. 


The structural characteristics required in the substituted phen- 
ethylamine for reaction with pyridoxal phosphate under the de- 
scribed conditions are (a) the presence of a phenolic group meta 
to the aliphatic side chain, and (b) a free primary amino group 


HO H CHO 

| 
| 
3, 

H H 


in the terminal position of the 2-carbon side chain (Table I). 
These characteristics are typical of those involved in a Pictet- 
Spengler isoquinoline synthesis (17) and suggest that the product 
of the norepinephrine-codecarboxylase reaction is indeed a sub- 
stituted tetrahydroisoquinoline. This is in agreement with the 
inferences of Schott and Clark (10) and Hey] et al. (14). 

In order to obtain a more rigorous proof of the identity of the 
presumed tetrahydroisoquinoline, an authentic sample of the 


| 
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compound was prepared from pyridoxal phosphate and norepi- 
nephrine. 

Synthesis of 2-Methyl-3-hydrory-4-(4,6,7-trihydrory-1 ,2,3,4 
tetrahydroisoquinolyl)-5-pyridylmethyl Phosphate—A solution of 
pyridoxal phosphate, 1.50 gm. (5.66 mmoles) in 18 ml. of 4 per 
cent sodium bicarbonate, was added to a solution of 1.16 gm. 
(5.64 mmoles) of norepinephrine hydrochloride in 4 ml. of water 
and agitated with nitrogen gas at room temperature for 1 hour, 
The reaction mixture was chilled, the heavy yellow precipitate 
collected on a filter, and washed successively with iced water, 
ethanol, and diethyl ether. The crude material was recrystal- 
lized once from hot water with Norit. A pale, lemon yellow, 
hygroscopic product was obtained in 39 per cent over-all yield 
(0.95 gm.) which darkened above 180° and decomposed in the 
range 210 to 215°. Analytical figures are as follows (given as 
per cent): 


CisHigN2O0gP.3H2O (452.367) 


Calculated: C 42.48, H 5.57, N 6.19, P 6.85 
Found: C 42.30, H 5.27, N 6.34, P 6.72 


The product had a primary ultraviolet absorption maximum 
at 320 my in 0.1 M sodium pyrophosphate buffer, pH 8.0 (Fig. 
3). An infrared analysis of the product in KBr showed broad 
absorption bands in the regions 2000 to 3700 cm.~! and 1000 to 
1110 cm.~! with individual absorption peaks at 1620, 1455, 1375, 
1285, 772, and 742 cm.~! (Fig. 4). 

The method of preparation conforms essentially to one set of 
conditions for a Pictet-Spengler isoquinoline synthesis (17). 
Other products possessing the same elemental composition tnat 
might have been produced under these conditions, 7.e. an oxazoli- 
dine or a Schiff base, were improbable in view of the effect of 
pH on the absorbance characteristics of the product (Fig. 3). 
With increasing acidity, the major absorption maximum shifted 
from 320 my to 290 mu, a change typical of pyridoxine deriva- 
tives (18, 19). The original maximum at 320 my was restored 
upon neutralization to pH 4 to 8. Stability to acidification is 
not characteristic of oxazolidines (15) or Schiff bases (20). The 
reaction indicated is: 


O- 


H- | H 
\—CH,0P0.H 


Ht 


Comparison of the spectral characteristics of the product ob- 
tained in solution during the enzyme inhibition studies (Fig. 2) 
and those of the authentic tetrahydroisoquinoline (Fig. 3) indi- 
cated the identity of these two compounds. Concentrations of 
the synthetic tetrahydroisoquinoline as high as 10-? m were found 
to be without effect on the 5-hydroxytryptophan decarboxylase 
activity of rat kidney homogenates; this demonstrated that the 
observed inhibition by norepinephrine is to be attributed to re- 
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moval of codecarboxylase and not to a direct effect of the tetra- 
hydroisoquinoline. 

Good qualitative correlation could be demonstrated with re- 
spect to the ability of various phenethylamines to react non- 
enzymatically with pyridoxal phosphate and their ability to 
inhibit the decarboxylase, although quantitative agreement was 
less apparent (Table I). The best inhibitor, 3 ,4-dihydroxyphen- 
ylalanine, is not the most reactive with codecarboxylase. This 
might, however, be related to the fact that dihydroxypheny!l- 
alanine is also decarboxylated by these crude kidney prepara- 
tions. The activity of dihydroxyphenylalanine decarboxylase 
would increase the requirement for added codecarboxylase and 
lead to the production of m-hydroxytyramine, another potent 
inhibitor. The apparent lack of quantitative correlation could 
also be related to variation in the rates of metabolic destruction 
of the several inhibitors by the kidney homogenates. 

Mechanism of Enzymatic Inhibition by Norepinephrine—When 
codecarboxylase was mixed with an excess of the substrate 5- 
hydroxytryptophan under the conditions of the enzymatic reac- 
tion, an immediate shift of the pyridoxal phosphate absorption 
maximum from 390 my to 410 my was noted. This spectral 
change is similar to that reported for the formation of Schiff 
bases between codecarboxylase and other amino acids under 
similar conditions (16). After it had been established that code- 
carboxylase reacts with both inhibitor and substrate, its apparent 
relative affinity for these compounds was determined. 

Aerobic incubation of 0.2 umole each of norepinephrine, 5-hy- 
droxytryptophan, and codecarboxylase for 2 hours at room tem- 
perature in pH 8.0 sodium pyrophosphate buffer (0.1 M) resulted 
in the loss of codecarboxylase (390 my) and the appearance of 
the tetrahydroisoquinoline (320 my). Preincubation of hy- 
droxytryptophan and codecarboxylase for 30 minutes before the 
addition of norepinephrine, or the use of 100-fold excess of hy- 
droxytryptophan failed to reverse or prevent the formation of 
the norepinephrine-codecarboxylase product. These results indi- 
cated that the inhibitor-cofactor product is decidedly more stable 
than the substrate-cofactor product and offered a satisfactory 
explanation for the enzymatic inhibition observed. On the basis 
of these nonenzymatic studies, the inhibition of the decarboxylase 
by norepinephrine was considered to be of a noncompetitive na- 
ture. 

The effect of substrate concentration on the enzymatic inhibi- 
tion by norepinephrine was determined. A suitable analysis (21) 
of these data demonstrated that norepinephrine is formally a 
noncompetitive inhibitor of 5-hydroxytryptophan decarboxylase. 
By graphic estimation, K,, = 2.5 X 10-5 m and the apparent 
K; = 5 X 10-3 (Fig. 5). 


DISCUSSION 


The results reported here provide additional evidence of the 
essentiality of pyridoxal phosphate for 5-hydroxytryptophan de- 
carboxylase. They also suggest an explanation for the observa- 
tion that although activation by added pyridoxal phosphate of 
this enzyme, obtained from rat kidney, occurred readily in phos- 
phate or pyrophosphate buffers, it could not be demonstrated in 
Tris' or glycylglycine buffers.2_ In these latter instances the 
added codecarboxylase was apparently inactivated by Schiff base 
formation with the buffer which was present in large excess as 


1 The abbreviation used is: Tris, tris(hydroxymethyl)amino- 


methane. 
?J.A. Buzard and P. D. Nytch, unpublished observations. 
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Fic. 5. Reciprocal curve analysis showing noncompetitive in- 
hibition of 5-hydroxytryptophan decarboxylase activity by 
norepinephrine. Control, @——@; 1 X 10-3 m norepinephrine, 
O——O; and 5 X 107° m norepinephrine, X——-X. Velocity 
expressed as umoles of 5-hydroxytryptamine formed per 100 mg. 
per hour and substrate concentration as moles per liter. 


compared with the substrate. Indeed, the absorption maximum 
of pyridoxal phosphate at 390 my in pH 8.0 pyrophosphate or 
phosphate buffers was found to have shifted to 415 to 420 mu 
if Tris or glycylglycine buffers were used.?__ A similar finding has 
been encountered by Matsuo (16), who demonstrated Schiff base 
formation between Tris and pyridoxal phosphate and cited the 
lack of normal activation of homoserine deaminase by the co- 
factor when incubations were carried out in Tris buffer. 

The demonstration that the addition of 5-hydroxytryptophan 
to a solution of pyridoxal phosphate produces a spectral shift 
similar to those produced in the formation of Schiff bases from 
pyridoxal phosphate and other amino acids (16) suggests that 
the decarboxylase functions through a pyridoxal phosphate :hy- 
droxytryptophan Schiff base intermediate in a fashion similar to 
that proposed for other decarboxylases (22). The failure of 
norepinephrine to be equally effective as an inhibitor in the 
presence or absence of added codecarboxylase (Fig. 1) suggests 
that the aldehyde group of the endogenous cofactor may be pro- 
tected from the reaction with the amine by combination with the 
apoenzyme. Steric effects or specificity of binding sites might 
prevent the reaction of norepinephrine with bound codecarbox- 
ylase. 

Although, in a nonenzymatic system, codecarboxylase and the 
various inhibitors react readily when combined in a 1:1 ratio, 
effective enzymatic inhibition is obtained only when a 30-fold 
excess of inhibitor is present. Enzymatic destruction of the in- 
hibitors would be expected to reduce their concentration and 
rapid combination of the added cofactor with the apoenzyme 
would also limit the exposure of free codecarboxylase to the in- 
hibitor. 

Although the concentrations of norepinephrine required to pro- 
duce significant inhibition of the enzymatic activity in vitro are 
quite high, the demonstration that the catechol amine reacts 
readily with free codecarboxylase when equimolar amounts of 
the two are mixed under seemingly physiological conditions, 
permits speculation on the possibility that norepinephrine and 
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related naturally occurring amines may alter the activity of 
5-hydroxytryptophan decarboxylase and other pyridoxal phos- 
phate-dependent enzymes in certain specialized cells by regulat- 
ing the availability of free codecarboxylase. 


SUMMARY 


In a continuing investigation of factors affecting the formation 
of 5-hydroxytryptamine by rat kidney 5-hydroxytryptophan de- 
carboxylase, norepinephrine was found to be inhibitory. De- 
tailed study indicated that norepinephrine is a nonspecific, for- 
mally noncompetitive inhibitor of the decarboxylase. This 
inhibition is achieved by removal of codecarboxylase added to 
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the system in vitro through nonenzymatic reaction with nor- 
epinephrine. This conclusion was strengthened by the prepara- 
tion and characterization of the product of the reaction between 
pyridoxal phosphate and norepinephrine and its identification as 
a substituted tetrahydroisoquinoline. The possible significance 
in vivo of this inhibition is discussed. 
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Reaction of Ethylene Oxide with Nicotinamide 
and Nicotinic Acid* 
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It has been shown that treatment of animal diets with ethylene 
oxide results in severe destruction of thiamine, niacin, pyridoxine, 
riboflavin, and folic acid (2, 3) and of the essential amino acids, 
histidine, methionine (4), and lysine (5). Consequently, studies 
were undertaken to elucidate the nature of the reactions of 
ethylene oxide with the above nutrients. The realization that 
a tertiary nitrogen group was common to six of the labile nu- 
trients prompted the investigation of the reaction of ethylene 
oxide with pyridine and the closely related nicotinamide and 
nicotinic acid. 

Lohmann (6), in 1939, reported that the addition of ethylene 
oxide to pyridine or quinoline results in the formation of highly 
colored methanol-water soluble products of undetermined 
structure. Eastham et al. (7-9) demonstrated that ethylene 
oxide reacts as readily with tertiary as with primary and second- 
ary amines, and that the reaction with pyridine, in the presence 
of an acid, yields the N'-(2-hydroxyethyl)pyridinium salt. The 
rate of reaction in excess pyridine was shown to be second order, 
being proportional to the concentration of acid and epoxide. 

The present paper offers evidence that ethylene oxide reacts 
with nicotinamide under very mild conditions to yield, after 
acidification with HCl, the chloride of N'-(2-hydroxyethyl)- 
nicotinamide, and with nicotinic acid to produce the betaine 
of N!-(2-hydroxyethyl)nicotinic acid. 


EXPERIMENTAL 


Reaction Conditions—Unless otherwise indicated, the reactions 
with ethylene oxide (b.p. 11°) were carried out as follows. <A 
beaker containing an aqueous solution of the compound to be 
treated was placed in a 4-1. desiccator, which then was evacuated 
to 40 mm. of Hg. The pressure in the desiccator was restored 
to ambient by admitting ethylene oxide from a tank of the 
compressed gas.' As ethylene oxide dissolved in the solution, 
additional gas was admitted to maintain ambient pressure. 
After about 20 minutes of exposure, the liquid and gaseous 


* A preliminary report of this work was presented before the 
annual meeting of the American Society of Biological Chemists 
(1). The work done at Virginia Polytechnic Institute was sup- 
“See by Grant No. A 1099 from the National Institutes of 

ealth. 

+ Taken in part from a dissertation submitted to the faculty of 
Virginia Polytechnic Institute in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy. Present address, 
Graduate Department of Biochemistry, Brandeis University, 
Waltham, Massachusetts. 

1 Gaseous ethylene oxide (99.15 per cent purity) was purchased 
from Matheson Company, Inc., East Rutherford, New Jersey. 


phases reached equilibrium and subsequent gas uptake was very 
slow. Projecting into the desiccator through a rubber stopper 
in the top were the glass electrodes of a pH meter and the ex- 
tended tip of a burette, thereby enabling adjustment of pH to be 
made when desired. Reactions were conducted at room temper- 
ature. 

Determination of Nicotinic Acid and N'-Methylnicotinamide 
Activity—Nicotinic acid activity was determined by the method 
of Dann and Satterfield (10) with the test organism Lactobacillus 
arabinosus 17-5, ATCC 8014. The fluorometric determination 
of N'-methylnicotinamide activity was carried out by the method 
of Huff and Perlzweig (11). 


RESULTS 


Reaction of Ethylene Oxide with Pyridine—When pyridine (110 
mmoles in a 1:1 aqueous solution, pH 9.5) was treated with 


ethylene oxide, the clear solution became light brown after 1 


hour, and at the end of 2 hours it was almost black and quite 
viscous. Reaction in the vapor phase had deposited some of the 
dark, oily product on the walls of the desiccator. The pH was 
greater than 12; 80 mmoles of HCl were required to return the pH 
to 9.5. Upon acidification, the pyridine product became deep 
yellow, the color change being freely reversible by addition of 
alkali. A deep red, highly viscous syrup was deposited when the 
solvent was removed from the acidified reaction mixture under 
vacuum. It was highly soluble in water and 95 per cent ethanol, 
but insoluble in ethyl ether and acetone. 

When pyridine (reagent grade) was treated with ethylene 
oxide without the addition of water, similar products were 
obtained, but the rate of reaction was much slower; no noticeable 
discoloration of the pyridine was seen until after 4 hours. This 
is consistent with the observation of Knorr (12), who reported 
the failure of ethylene oxide to react with amines in the absence 
of water or ethanol as solvents. According to Eastham’s formu- 
lation (8), water serves as a proton donor in the reaction with 


pyridine: 


N N+ 


The high alkalinity produced suggested the formation of a 
quaternary pyridinium hydroxide. The instability of these 
compounds has been recognized (13), and no further attempt was 
made to purify or characterize the products of the reaction. 


889 


4 
r- 
t 
"9 


TABLE I 


Paper chromatography of products isolated from ethylene 
ozide-nicoltinamide reaction 


Reaction of Ethylene Oxide with Nicotinamide 


Rp as detected by 


Spotted at origin 


Sevens Bromo- | Fluorescence 
pheno under 
blue ultraviolet 
1-Butanol satu- Reaction products 0.58 0.00 
rated with H,O | Triethanolamine 0.58 None 
Reaction products + tri- | 0.58 0.00 
ethanolamine 
1-Propanol: H,0 Reaction products 0.74 0.15 
(7:3) (streak) 
Triethanolamine 0.73 None 
Reaction products + tri- | 0.73 0.15 
ethanolamine (streak) 


Reaction of Ethylene Oxide with Nicotinamide—When an 
aqueous solution of nicotinamide was first treated with ethylene 
oxide, no effort was made to curb the rising pH of the reaction 
mixture. As a result, the product isolated was not the antici- 
pated N!-(2-hydroxyethyl)nicotinamide, which we now know to 
be unstable in alkali, but rather the product of a secondary 
reaction. The following details apply to the reaction in which 
the pH was uncontrolled. 

The reaction of ethylene oxide with 40.9 mmoles of nicotin- 
amide in 30 ml. of distilled water (initial pH, 7.4) for 20 hours 
resulted in a deep red, strongly alkaline solution (> pH 12) which 
fluoresced under ultraviolet irradiation and evolved ammonia. 
The pH was readjusted to 7.4 with 29.6 mmoles of HCl, and the 
solution was concentrated under vacuum to a deep red, highly 
viscous residue which was taken up in a minimal quantity of 
hot 50 per cent ethanol. Acetone was added to the point of 
incipient cloudiness. A mass of fine red needles precipitated 
from this solution after it was cooled for a few hours at 5°. The 
product was recrystallized twice from 50 per cent ethanol and 
acetone yielding 1.4 gm. of rust-colored needles, m.p. 176-178°. 

The melting point (14) and analysis? coincide closely with 
those of triethanolamine hydrochloride. 


C.H,.NO;Cl 
Calculated: C 38.80, H 8.70, N 7.55, Cl 19.10 


Found: C 39.22, H 8.07, N 7.60, Cl 19.19 


It was suspected that the product was contaminated with a 
trace of a red-colored impurity. This hypothesis was supported 
by the observation that paper chromatography resolved the 
product into two spots, a yellow one which fluoresced under 
ultraviolet irradiation and a basic spot which could be detected 
by spraying the developed paper with slightly acidic bromophenol 
blue in 95 per cent ethanol. Authentic triethanolamine (East- 
man Kodak) was chromatographed singly and together with 
the reaction products. The results are shown in Table I. 

Two likely sources of the triethanolamine can be suggested: 
(a) The reaction of 3 moles of ethylene oxide with ammonia 
released from the amide group of the nicotinamide at the elevated 
pH. (6) The reaction of 2 moles of ethylene oxide with ethanol- 


? All quantitative elemental analyses were supplied by Gal- 
braith Laboratory, Knoxville, Tennessee. 
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amine, which was identified later as an alkaline degradation 
product of the initially formed N!-(2-hydroxyethyl) nicotinamide, 

To eliminate the accumulation of an unstable quaternary 
pyridinium hydroxide, the pH of the reaction mixture in the 
next experiment was controlled by the continuous addition of 
HCl. 

pH-Controlled Reaction of Ethylene Oxide with Nicotinamide—A 
30-ml. aqueous solution of 40.9 mmoles of nicotinamide was 
treated with ethylene oxide, and the pH was maintained between 
7 and 10.5 by the dropwise addition of 2 N HCl. Initially, the 
rise in pH was rapid, and addition of acid was almost continuous. 
After 6 hours of reaction at controlled pH, further increase in 
alkalinity was slow and the reaction was terminated. The pale 
yellow solution was decolorized with charcoal and Attaclay,3 
and concentrated to a white crystalline mass, which was recrystal- 
lized twice from aqueous ethanol and acetone, yielding 3.3 gm. 
(40 per cent) of white, glistening platelets, m.p. 195.5-196°. 


Calculated: C 47.40, H 5.44, N 13.81, Cl 17.50 
Found: C 47.76, H 5.76, N 14.01, Cl 17.48 


A colorless aqueous solution of this compound made strongly 
alkaline with NaOH becomes deep red, fluoresces under ultra- 
violet irradiation, and evolves ammonia. The compound is 
highly soluble in water and slightly soluble in ethanol (about 2 
mg. per ml. at 5°). 

Support for Structure of Ethylene Oxide Nicotinamide-HCl 
Product—All evidence suggests that this product is the chloride 
of N'-(2-hydroxyethyl)nicotinamide. The compound appears 
pure when chromatographed on paper and can be detected by 
its strong quenching of ultraviolet irradiation. Spots on paper 
fluoresce strongly under ultraviolet irradiation after being 
sprayed with 1 m aqueous KCN (15, 16), or when exposed to 
vapors of ethyl-methy] ketone and NH; (1:1), the latter reaction 
being typical of quaternary pyridinium compounds with a side 
chain CO—NHR in the £6 position (17). The compound 
fluoresces when its solutions are assayed for N'-methylInicotin- 
amide by the fluorometric method of Huff and Perlzweig (11), 
its molar fluorescence being 2.08 times that of N'!-methylnicotin- 
amide. This fluorometric assay was used in subsequent experi- 
ments for quantitatively determining the product. 

Ethanolamine is a product of the alkaline degradation of this 
compound. Refluxing 1 mmole in 25 ml. of 25 per cent aqueous 
KOH for 14 hours produced a deep orange solution. Vacuum 
distillation yielded a clear distillate which contained 0.55 mmole 
of a primary amine, as determined by the manometric method 
of Van Slyke (18). Another assay involved the oxidation of the 
amine to formaldehyde with slightly alkaline periodate, and the 
resulting formaldehyde was quantitatively determined by the 
colorimetric chromotropic acid procedure of Critchfield and 
Johnson (19). <A yield of 0.52 mmole was obtained, the method 
being standardized with authentic ethanolamine. Oxidation 
by periodate implies that the amine is a 1 ,2-hydroxyamine or 4 
related compound (20). The amine had Rp values on paper 
identical with those of authentic ethanolamine in four solvent 
systems: (a) H,O-saturated 1-butanol, Rp 0.11; (6) 1-butanol 
saturated with 3 per cent aqueous NHs3, Rr 0.28; (c) 1-butanol- 


3 Attaclay is a hydrated aluminum silicate sold by Attapulgus 
Minerals and Chemicals Corporation, 210 West Washington 
Square, Philadelphia, Pennsylvania. 
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Fic. 1. Ultraviolet absorption spectra of 1, nicotinamide; 2, 
N'-methylnicotinamide chloride; 3, N!-(2-hydroxyethy])nicotina- 
mide chloride; 4, N'-(2-hydroxyethy])nicotinamide chloride 
(aqueous solution treated with 2.5 N NaOH at room temperature 
for 2 hours; neutralized with HCl). Theconcentration of all com- 
pounds was 2 X 107-4, in 0.01 mM phosphate buffer, at pH 7.0. 


acetic acid-H,O (100:21:50), Rr 0.36; (d) phenol saturated with 
H:0, Re 0.55. The capacity of N-alkylpyridinium salts to 
vield the corresponding alkylamines upon being refluxed with 
strong alkali has been reported (21). 

As would be expected, the amide nitrogen of the N'-(2-hy- 
droxyethyl)nicotinamide* could be quantitatively recovered as 
ammonia. 

As shown in Fig. 1, the absorption peak for nicotinamide is 
262 mu, whereas that for N!-(2-hydroxyethyl)nicotinamide and 
N'-methylnicotinamide is 265 my. On a molar basis, the ab- 
sorption curves for the two latter compounds are considerably 
higher than that for nicotinamide. The similarity in the ultra- 
violet absorption curves suggested that the structure of the 
reaction product (N'-(2-hydroxyethyl)nicotinamide) was similar 
to that of N'-methylnicotinamide. 

Instability of N'-(2-hydroxyethyl)nicotinamide in Cold Alkali— 
A solution of 20 mg. of N!-(2-hydroxyethyl)nicotinamide in 0.5 
ml. of 1 Nn NaOH is at first yellow and becomes red in a few 
hours. Less than 0.5 per cent of the fluorometrically deter- 
mined activity is recovered after this treatment. Paper chroma- 
tography of this alkaline solution in 1-propanol-H,O (7:3) 
revealed a trace of the unchanged compounds as well as at least 
five new components: two yellow spots which fluoresced under 
ultraviolet irradiation, a colorless fluorescent spot, and two spots 
which strongly quenched the background fluorescence of the 
paper. Treatment with alkali of a sample of N'-methylnicotin- 


‘The word, chloride, will be omitted from the name of this 
compound even though in all cases that salt was the one isolated 
and used. 
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HOURS 
Fic. 2. Rate of destruction of nicotinamide treated with ethyl- 
ene oxide at 5°. A, the per cent of original nicotinamide present 
in the reaction mixture as N*-(2-hydroxyethyl)nicotinamide; @, 
that present as unchanged nicotinamide; O, the sum of the two. 


TaBLe II 
Nicotinic acid activity of N'-(2-hydroxyethyl)nicotinamide for 
Lactobacillus arabinosus 


Contains 
r Nicotinic acid activity 
Sample No. 
Nicotinic Acid | _ | 
ethyl )nicotinamide 
myug./ml. | myg./ml. | myg./mi. 
1 40 | 0 | 41 
2 40 | ree 40 
3 40 | 400 | 40 
4 40 | 4000 | 42 


amide gave similar destruction and similar chromatographic 
results. The irreversible reaction of N'-(2-hydroxyethyl)- 
nicotinamide in alkali hardly altered its ultraviolet absorption 
spectrum (Fig. 1). 

The instability of N'-(2-hydroxyethyl)nicotinamide at pH 11 
to 12 is further seen from the kinetic data in Fig. 2. Initially 
the rate of accumulation of the primary reaction product follows 
the exponential rate of nicotinamide destruction. However, 
the pH rises from 6.5 to 11 during the first 30 minutes, and soon 
the initial product is degraded faster than it is formed. 

Biological Activity of N'-(2-hydroxyethyl)nicotinamide—The 
data in Table II indicate that N'-(2-hydroxyethyl)nicotinamide 
has no growth-promoting nor antagonistic action for L. arab- 
inosus when added to a medium containing suboptimal amounts 
of nicotinic acid. Additional tests of the biological activity of 
the compound were carried out with day-old chicks maintained 
on a nicotinic acid-deficient ration. Statistical evaluation of 
the 4-week weights (Table III) indicates that N'-(2-hydroxy- 
ethyl)nicotinamide does not replace nor act as a metabolic 
antagonist for nicotinic acid in the chick. 

Reaction of Ethylene Oxide with Nicotinic Acid—Of nicotinic 
acid (sodium salt) 81 mmoles in 40 ml. aqueous solution were 
treated with ethylene oxide, and the pH was maintained between 
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TaBLeE III 
Nicotinic acid activity of N'-(2-hydroxyethyl)nicotinamide 
for chicks 
Addition to diet* Experiment if Experiment 2f 
mg./keg. mg./kg. gm. gm. 
0 0 54 + 2 4 82+ 8 2 
5 0 79 + 10 2 101 + 8 0 
10 0 133 + 13 0 136 + 16 1 
100 0 283 + 9 0 305 + 10 0 
0 10 73+ 8 1 744 4 2 
0 20 103 + 25 3 
10 500 104 + 6 1 
10 1000 129 + 10 1 


* The diet used was the C2 diet of Fox et al. (22) modified by 
reducing the casein to 15 per cent, increasing the gelatin to 13 per 
cent, and omitting the nicotinic acid. 

+t For each experiment, 6 female New Hampshire chicks were 
started on each regimen at 1 day of age. 

t + values indicate standard error. 


TABLE IV 


Effect of temperature on rate of ethylene oxide destruction of 
nicotinic acid and nicotinamide activity* 


Per cent destroyedt after reaction period indicated 
Reaction 
— Nicotinic Acid Nicotinamide 
6 hrs. 24 hrs. 6 hrs. 24 hrs. 

— 20 0 10 4 18 

5 11 41 7 32 

24 41 89 24 70 

37 73 99 47 90 


* 1.0 ml. of ethylene oxide added to 100 ml. of 0.1 M aqueous 
vitamin solutions. Reactions stopped by adding 10 moles of 
NaCl and 10 moles of acetic acid per mole of ethylene oxide, then 
placing in a vacuum for 30 minutes. 

t+ Determined microbiologically. 


TABLE V 


Effect of pH on rate of ethylene oxide destruction of 
nicotinic acid and nicotinamide activity* 


Per cent destroyed after 6 hrs.f 
Reaction pH 
Nicotinic Acid Nicotinamide 
4.0 42 58 
6.0 74 53 
8.0 90 73 


* 2.0 ml. of ethylene oxide added initially per 100 ml. of 0.01 m 
aqueous solutions of the vitamin at 24°; ethylene oxide gas 
bubbled through solutions during the 6 hours, and pH was main- 
tained by addition of 0.05 n HCl. 

Determined microbiologically. 
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7 and 11 by the dropwise addition of 2N HCl. At the end of 7 
hours, 100 mmoles of acid had been consumed and further pH 
change was slow, being limited to the reaction of ethylene oxide 
with HCl. The pale yellow solution (pH 7) was concentrated, 
and the viscous residue taken up in absolute methanol. The 
NaCl which precipitated was removed, and the product was 
precipitated from the methanol filtrate by the addition of acetone, 
It was recrystallized once from absolute methanol and once 
from 95 per cent ethanol to yield 5.6 gm. (46 per cent yield) of 
white platelets, m.p. 173° (d). 


CsHsNO; 
Calculated: C 57.50, H 5.43, N 8.38 
Found: C 57.49, H 5.37, N 8.22 


This product gives a neutral reaction in aqueous solution, de- 
composes in alkali to ethanolamine and a deep red-colored 
product(s), and contains no ionic chloride (AgNO; test). All of 
the data are consistent with its proposed structure as the betaine 
of N'-(2-hydroxyethyl)nicotinic acid. A strongly alkaline solu- 
tion of this compound reduces silver ions, depositing a silver 
mirror, which indicates the presence of an aldehyde among its 
degradation products. 

Effect of Temperature and pH on Reaction Rates—Tables IV 
and V show the influence of temperature and pH on the rate of 
vitamin destruction, as well as illustrating the comparative rate 
of reaction of ethylene oxide with nicotinamide and _ nicotinic 
acid. 

With the exception of the reactions carried out at pH 4 (Table 
V), nicotinic acid has been consistently more labile to ethylene 
oxide treatment than nicotinamide. Table VI shows this differ- 
ence in lability when the two compounds are treated after 
admixture with starch. This table also shows the extent of 
destruction of nicotinic acid activity in some natural products 
after treatment with ethylene oxide. 


DISCUSSION 


The present evidence suggests that when ethylene oxide reacts 
with nicotinic acid or nicotinamide, the hydroxyethyl radical 
adds to the ring nitrogen. The rate of product formation de- 
pends partly on the pH of the reaction mixture. At pH values 
below 7, the rate is much slower than at higher values. These 
findings suggest that it is the tertiary amine base and not its 
acid cation which participates in the reaction. 

The reaction of ethylene oxide with tertiary nitrogen requires 
the presence of an available proton. Since water facilitates 
proton reactions, this may explain the enhancing effect of small 
amounts of moisture on the effectiveness of ethylene oxide 
fumigation procedures (23) and this, in turn, may partially deter- 
mine the rate of destruction of nutrients during the fumigation 
of foods (3, 5). 

At pH 6 or above, nicotinic acid reacts with ethylene oxide 
faster than does nicotinamide. If the rate of reaction of these 
two compounds were dependent only upon the degree of protoni- 
zation, then the reverse of this should occur. Some factor other 
than protonization must determine the relative rates. One of 
these factors, might be the basicity of the ring nitrogen with the 
more basic group reacting faster. The carboxyl group probably 
does not depress the basicity of the ring nitrogen to the same 


6’ This was suggested by Dr. Louis Cohen. 
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degree as the amide group. If this is so, the pK» for nicotinic 
acid should be lower than that for nicotinamide. The data 
presented by Hundley (24) on the pK, values for these com- 
pounds conform with this hypothesis. 

With nicotinamide, the reaction product was N'-(2-hydroxy- 
ethyl)nicotinamide. This compound is rapidly changed above 
pH 11, forming a variety of substances. The reaction product, 
N'-(2-hydroxyethyl)nicotinamide, has no biological activity for 
microorganisms or chicks, which is consistent with the inactivity 
of nicotinic acid derivatives in which the ring nitrogen is methyl- 
ated. 

In 1954, N'-(2-hydroxyethyl)nicotinamide was synthesized 
from nicotinamide and ethylene chlorohydrin (25). The re- 
ported melting point was 182°. The melting point of the prod- 


uct isolated in the present study was 196° and was unchanged 


after repeated recrystallizations. 

Each of the vitamins which is labile to treatment with ethyl- 
ene oxide (2) contains a tertiary heterocyclic nitrogen. Since 
tertiary amines are even more reactive than primary or secondary 
amines in the presence of epoxides (26), one might speculate that 
the tertiary nitrogen is the common site for attack by ethylene 
oxide in all of these compounds. Preliminary evidence indicates 
that N-alkylation does occur during the destruction of pyri- 
doxine, since a solution of pyridoxine became alkaline on treat- 
ment with ethylene oxide. The resulting solution failed to 
exhibit the typical pyridoxine color with the Gibbs Reagent 
(N ,2,6-trichloro-p-benzoquinone imine) (27). The methiodide 
of pyridoxine also fails to give this test, probably because the 
strong inductive effect of the quaternary nitrogen deactivates the 
adjacent 6 position in the ring, thus preventing the electrophilic 
coupling. The ethylene oxide-pyridoxine reaction product has 
not been further purified, however. Folic acid and riboflavin, 
which are also labile to treatment with ethylene oxide, show a 
marked intensification of color when their solutions are treated. 
The most apparent sites of attack of ethylene oxide with the 
chromophoric groups of these vitamins are the tertiary nitrogens. 

In this study no attempt was made to duplicate commercial 
procedures used in sterilizing foods. Our primary interest has 
been to study the reaction of the gas with some of the compounds 
(vifAmins and amino acids) which previous work has shown were 
inactivated during treatment with ethylene oxide. It is likely 
that, during gaseous fumigation, the same reaction product is 
formed from nicotinamide as that isolated in this study. Evi- 
dence for this was the finding that when nicotinamide is dispersed 
in starch and treated with ethylene oxide, a compound was 
formed which acted similarly to N!-(2-hydroxyethy])nicotin- 
amide in that it did not fluoresce until treated with a ketone in 
the presence of alkali, this behavior being typical of quaternary 
pyridinium compounds with a side chain CO—NHR in the 8 
position. Nicotinamide does not fluoresce under these condi- 
tions. In the ethylene oxide-treated sample, 80 per cent of the 
nicotinamide which had been destroyed (as determined by 
microbiological assay) was recovered in the form of N!-(2-hy- 
droxyethyl)nicotinamide (as determined by the fluorometric 
assay). 

Some commercial methods for the ethylene oxide sterilization 
of foods may not destroy vitamins to the same extent as the 
procedure used in our laboratories. This is shown by the report 
(28) that one commercial method destroyed less than 15 per cent 
of the nicotinic acid in yeast and in a commercial rat diet. Our 
results (Table VI) indicate a loss of 22 per cent of the nicotinic 
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TABLE VI 
Destruction of nicotinic acid activity by ethylene oxide fumigation* 
Nicotinic acid activityt 
Sampl Per cent 
: Before ethylene | After ethylene destruction 
oxide oxide 
ug./gm ug./gm. 
Pork liver (desiccated)..... 458 302 34 
Brewers’ yeast............ 471 366 22 
Hunt Club Stock Diet...... 32 10 69 
Purina chow............... 89 42 53 
Enriched white flour..... . 32 5 84 
Nicotinamide + starch..... 2080 1200 42 
Nicotinie acid + starch.... 2260 123 95 


* Aliquots (100 gm.) of each sample fumigated, five at a time, 
in Petri dishes placed into a 10-1. desiccator with 100 ml. of liquid 
ethylene oxide. Fumigated for 18 hours at room temperature. 
For additional details see reference (2). 

t Determined microbiologically. 


acid activity in yeast and from 53 to 69 per cent of the activity 
in two commercial animal diets. A number of factors undoubt- 
edly determine the degree of nutrient destruction produced by 
ethylene oxide. These include moisture content and reaction 
temperature. Another factor is the relative amount of the 
nicotinic acid which is present as the nucleotide in the sample 
being fumigated. Our studies with DPN show that the nicotin- 
amide therein is completely stable to treatment with ethylene 
oxide, as determined by microbiological assay. 


SUMMARY 


Ethylene oxide reacts with nicotinamide in aqueous solution 
at 25° to yield, after acidification with HCl, N'-(2-hydroxyethy])- 
nicotinamide chloride. This compound is unstable in alkali and 
possesses no nicotinic acid activity for L. arabinosus or for the 
chick; neither does it function as a nicotinic acid antagonist. It 
can be quantitatively determined by the fluorometric N'-methyl- 
nicotinamide assay. 

By a similar reaction, nicotinic acid is converted to the betaine 
of N!-(2-hydroxyethyl)nicotinic acid by ethylene oxide. 

The rate of reaction increases with increasing pH and tem- 
perature; at the higher pH reactions the initial products are 
unstable. There is a marked variation in the lability to ethylene 
oxide action of the nicotinic acid activity of various natural 
products. The nicotinamide of DPN is not affected, which 
probably explains the stability of the nicotinic acid activity in 
some natural products. Under most conditions, nicotinic acid 
is more labile to treatment with ethylene oxide than is the amide. 

The relation of these findings to commercial ethylene oxide 
fumigation and to other vitamin-ethylene oxide reactions is 
discussed. 
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Since it was shown (2) that the treatment of casein with 
ethylene oxide could diminish the biological availability of the 
histidine and methionine of this protein, it became of interest 
to determine whether other proteins were affected in the same 
way and to elucidate the nature of the chemical reactions in- 
volved. Particular interest in such reactions derives from the 
use of ethylene oxide as a fumigant in the food industry (3, 4) 
and from the inability of an earlier study (5) of proteins treated 
with this reagent to account for the interaction with histidine 
and methionine. The reactions of ethylene oxide with available 
sulfhydryl, hydroxyl, carboxyl, and primary amino groups of 
proteins have been documented (5). 

The destructive action of ethylene oxide on histidine and 
methionine has now been observed with two other proteins, and 
lysine appears to be another amino acid which is altered by 
ethylene oxide. Chemical justification for these observations 
was sought. Initially, model systems were investigated in which 
the individual amino acids or amino acid derivatives were treated 
with ethylene oxide in aqueous solution. In the case of histidine, 
the studies have been extended to intact protein. Evidence is 
presented that the nitrogen atoms of the imidazole ring and the 
sulfur of methionine undergo hydroxyethylation under mild 
conditions in the presence of ethylene oxide, imidazole yielding 
the 1,3-bis-(2-hydroxyethyl)imidazolium ion and JN-acetyl- 
methionine being converted to S-(2-hydroxyethyl)-N-acetyl- 
methionine, thetin. The double alkylation of the mercapto 
group of cysteine also can result in formation of a sulfonium 
derivative. 


EXPERIMENTAL 


Materials and Methods—The technique for treating solutions 
with gaseous ethylene oxide has been previously described (6). 
The process is conducted at room temperature and in the pres- 
ence of a large excess of the gas. 

The moisture content of commercial proteins was determined 
gravimetrically after the preparations had been dried for 48 
hours in a forced-draft oven at 80°. The same treatment was 
used in preparing the moisture-free samples. The protein samples 
were treated as previously described (2). After exposure to 
ethylene oxide, the samples were hydrolyzed in 2.5 Nn HCl at 


* Preliminary report (1). Supported by Grant No. A-1099 from 
the National Institutes of Health, the United States Public Health 
Service. 

+t Taken from a dissertation presented to the faculty of Virginia 
Polytechnic Institute in partial fulfillment of the requirements of 
the degree of Doctor of Philosophy. Present address, Graduate 
Department of Biochemistry, Brandeis University, Waltham, 
Massachusetts. 


121° for 12 hours, and microbiological amino acid assays were 
conducted on the hydrolysates. 

N-acetylmethionine was prepared as described by Kolb and 
Toennies (7). A Beckman model M2 pH meter with glass 
electrodes was used in preparing the titration curves. Primary 
amino groups were determined by the manometric nitrous acid 
method of Van Slyke (8). 

Imidazole was purchased from Eastman Chemical Corporation 
and all amino acids and proteins from Nutritional Biochemicals. 
They were used without further purification. Quantitative 
elemental analyses were supplied by Galbraith Laboratories, 
Knoxville, Tennessee. 


RESULTS 


Amino Acids of Ethylene Oxide-treated Proteins—The diminu- 
tion of biologically-available histidine, methionine, and lysine 
of three proteins after treatment with ethylene oxide is shown 
in Table I. That the decrease in amino acid content was not 
the result of a growth antagonist in the treated proteins was 
demonstrated by assaying each hydrolysate in duplicate at five 
different concentrations. 

The inability of the treated protein samples to support the 
growth of weanling rats was demonstrated by incorporating them 
at a level of 9 per cent into a purified diet (2) as the sole source 
of amino acid nitrogen. The inhibition of growth was completely 
reversed in each case by dietary supplements of pt-histidine- 
HCl, p1-methionine, and t-lysine-HCl, or in some cases only one 


TABLE I 


Apparent decrease of histidine, methionine, and lysine in three 
proteins treated with ethylene oxide 


Protein | ptistidine® | Methionine* Lysine* 
% hrs. | mg./gm. dry proteint 
Casein (Labco) 26.1 | 72.4 
0 | 24 | 18.9 (28); 21.8 (18)! 67.6 (7) 
10 24 11.1 (57); 14.3 (46) 55.6 (23) 
Lactalbumin 0 0 14.7 17.9 76.6 
0 24 8.0 (46) 13.8 (23) 52.7 (31) 
10 24 2.5 (83) 8.0 (55)| 55.0 (28) 
Egg albumin 0 6 + Ba 29.2 56.7 
0 24 27.3 (6) | 53.6 (5) 
11.8 24. | (71)) 19.5 (33) 4.8 (92) 


* Numbers in parentheses indicate the per cent decrease after 
treatment with ethylene oxide. 
t Determined microbiologically, with Leuconostoc mesenteroides 
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or two of these amino acids, depending on the protein and the 
level of moisture content during the treatment. Thorough dry- 
ing of the proteins before treatment reduced the damaging effect 
of the ethylene oxide. 


Reaction of Ethylene Oxide with Imidazole—During exposure to 


ethylene oxide, an aqueous solution of imidazole became strongly 
alkaline, suggesting the production of a quaternary ammonium 
group in analogy with the behavior of pyridine derivatives when 
treated with ethylene oxide (6). The product was isolated as 
follows. Imidazole, 70 mmoles, and HCl, 140 mmoles, in 20 ml. 
of H,O were treated with gaseous ethylene oxide for 72 hours. 
The final pH was 9.5. The solution was acidified with HCl, 
concentrated to a syrup under vacuum, diluted with 20 ml. of 
hot absolute ethanol, and filtered. Acetone was added dropwise 
to the point of incipient cloudiness and crystallization allowed to 
proceed overnight at —2°. The product was recrystallized 
twice from ethanol-acetone to yield fine, white, highly deliques- 
cent needles which were dried in a vacuum over H2SQ,. Phos- 
phorus pentoxide could not be used since the product sublimed 
somewhat under vacuum and was dehydrated and polymerized 
on the surface of this desiccant. The product was too deliques- 
cent for convenient melting point determination. Elementary 
analysis was 


Calculated: C 43.58, H 6.81, N 14.55, Cl 18.42 
Found: C 43.36, H 6.99, N 14.26, Cl 18.18 


From the empirical formula, if was evident that 2 moles of 
ethylene oxide had been added to the imidazole molecule. When 
no acidic hydrogen could be titrated with sodium methoxide 
(ruling out the possibility that the compound was a hydro- 
chloride) the reaction was presumed to have occurred as shown 
in Scheme I. 
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Unlike imidazole, Compound I gives no color when coupled 
with diazotized sulfanilic acid in the quantitative histidine assay 
method of McPherson (11), thereby making this a suitable 
method for following the reaction of ethylene oxide with imid- 
azole and some of its derivatives, e.g. histidine. 

Reaction of Ethylene Oxide with Histidine—The treatment of a 
solution of histidine-HCl for 24 hours with ethylene oxide yielded 
a product which resisted all attempts at crystallization. The 
following data were obtained by analysis of the product in solu- 
tion. 

The product formed no colored complex with diazotized 
sulfanilic acid, implying hydroxyethylation of the imidazole 
nitrogens as in the case of ethylene oxide-treated imidazole. 
This idea was supported by the recovery of ethanolamine (63 
per cent of theory) from a 25 per cent KOH (weight for weight) 
hydrolysate of the product. The product did not react with 
ninhydrin and a calculated 0.02 mmoles of the product in solution 
was analyzed for primary amino nitrogen by the Van Slyke 
manometric method. Within the experimental error of the 
method (+2 per cent), no nitrogen could be measured. This 
is taken as evidence that the primary amino group has been 
alkylated as would be expected (5, 12). Unlike histidine, the 
product formed an immediate water-insoluble precipitate with 
ammonium reineckate at acid pH, further support for the pres- 
ence of the quaternary ammonium group. 

Chemical Detection of Ethylene Oxide-Imidazole Reaction in 
Proteins—Table II shows the decrease in apparent histidine of 
casein samples of various moisture content treated with ethylene 
oxide. Amino acids other than histidine may contribute a small 
amount of color in this assay (13), so the values listed in the 
table represent the apparent histidine content. Samples 1 and 
4 were also assayed for histidine microbiologically; the ethylene 
oxide-treated sample had 71 per cent less histidine than the 
untreated control. 


HC=—CH HC 
| + 2Hc—cH, + HO —» ont”? 
imidazole 
ScHEME I. 1,3-bis-(2-hydroxyethyl)imidazolium hydroxide 
This product was converted to the 1 ,3-bis-(2-hydroxyethy])- TaBLe IT 


imidazolium chloride (Compound I) upon the addition of HCI. 

Additional evidence for this structure was obtained by de- 
grading Compound I in 25 per cent KOH (weight for weight). 
Pinner and Schwarz (9) have demonstrated that 1,3-dialkyl 
imidazoles yield the corresponding primary alkyl amines by 
such treatment, e.g. ethanolamine from the proposed Compound 
I. A mmole of Compound I (as determined by inorganic 
chloride analysis (10)) was refluxed for 24 hours in 25 per cent 
KOH (weight for weight) and then distilled into dilute acid. 
By the method previously described (6), ethanolamine was 
identified in the distillate by paper chromatography and quanti- 
tatively determined by Van Slyke amino nitrogen analysis and 
by periodate oxidation to formaldehyde, which was colori- 
metrically determined with chromotropic acid. The only amine 
found was ethanolamine in 80 per cent of the theoretical yield 
of 2 mmoles. 


Decrease of chemically determined histidine of casein treated with 
ethylene oxide 


Sample Moisture Treatment ter 
mg. nitrogen treatment 
% hrs. 
1 0 0 312 0 
2 0 12 215 31 
3 9.5 12 120 60 
4 9.5 24 94 70 


* After treatment, the samples were hydrolyzed in 2.5 n HCl 
for 12 hours at 121°, neutralized with NaOH, decolorized with 
charcoal (Norit), and assayed for histidine by the colorimetric 
method of McPherson (11), standardized with p.-histidine-HCl. 
Nitrogen was determined by the standard Kjeldahl method. 
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There is some evidence that in native protein, imidazole groups 
may be protected from reaction with ethylene oxide. No 
diminution in histidine (chemical assay) could be detected in a 
sample of crystalline chymotrypsin (Nutritional Biochemicals) 
which had been treated in aqueous solution with an excess of 
ethylene oxide for 5 hours, although the proteolytic activity (14), 
as measured on a casein substrate, had been reduced by about 
30 per cent. Denaturing the chymotrypsin in 8 M urea appar- 
ently permitted reaction with the imidazole groups; subsequent 
treatment with ethylene oxide reduced the color in the histidine 
assay by at least 60 per cent. 

Reaction of Ethylene Oxide with Methionine—The reaction of 
methionine with ethylene oxide yields a product which has re- 
sisted crystallization; therefore all evidence concerning its struc- 
ture was obtained by analysis of solutions of methionine after 
treatment with ethylene oxide for 24 hours, followed by removal 
of excess reagent under vacuum. The product gives no color 
in the standard McCarthy-Sullivan nitroprusside assay (15) for 
methionine, suggesting alteration of the thioether group. Unlike 
methionine, the product forms a water-insoluble complex with 
the reineckate ion and with phosphotungstic acid. This be- 
havior is typical of sulfonium derivatives of methionine (16). 
The solubility of the reineckate in dilute alkali is taken as evi- 
dence that the carboxyl group of the methionine remained un- 
esterified. Primary amino groups had been completely alkyl- 
ated as indicated by the failure of the product to react with 
ninhydrin and the failure of a calculated 0.02 mmole of the prod- 
uct to vield nitrogen by the Van Slyke manometric technique. 

Ethylene Oxide Treatment of N-acetylmethionine—To study 
more directly the reaction of ethylene oxide with the thioether 
group, .V-acetylmethionine was chosen as reactant. The pH of 
an aqueous solution of N-acetylmethionine shifted from 2 to 9 
and the reaction product obtained is soluble in water and ethanol, 
but insoluble (separates as an oil) in acetone and hexane. Re- 
peated attempts at crystallization have failed. Like ethylene 
oxide-treated methionine, the product yields a water-insoluble, 
acetone-soluble phosphotungstate. Since the formula of the 
phosphotungstate would be difficult to establish, the ratio of 
C:N:S was calculated from the elementary analysis: 


Found: C 6.53, N 0.86, S 2.11 


The ratio of C:N:S was calculated to be 8.91:1:1.07 which 
reflects the addition of 1 mole of ethylene oxide to each mole of 
N-acetylmethionine. 

The titration curve of the product is shown in Fig. 1. The 
compound is slightly alkaline in solution and has two titratable 
groups of pK’ approximately 2.9 and 12.1. It is apparent from 
the titration curve that the weak alkalinity of the product is 
not the result of esterification but that a basic group has been 
produced by the treatment with ethylene oxide. 

All of the data are consistent with the formulation shown in 
Scheme IT. 
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pH 


2 2 4 6 8 10 
MMOLES HCI ADDED 
(2.N HCI) 


io 8 
MMOLES NaOH ADDED 
(2 .N NaOH ) 


Fic. 1. Titration curve of 10.5 mmoles of N-acetylmethionine 
in 50 ml. of H,O. Before treatment, pH 2.0 (——). After treat- 
ment with ethylene oxide for 24 hours, pH 9.0 (- - - -). 


According to Toennies and Kolb (17), methionine sulfonium 
salts often are more easily crystallized than the corresponding 
N-acetyl derivatives. Therefore, in an effort to obtain a crystal- 
lizable product, the thetin was subjected to the hydrolytic 
activity of a preparationof acylase (18). Very little or no hydrol- 
ysis occurred, even when the enzyme was used at a concentration 
10 times that which hydrolyzed almost completely a sample of 
N-acetyl-L-methionine. 

Acid and Alkaline Hydrolysis of S-(2-hydroxyethyl)-N -acetyl- 
methione—To gain additional information about the structure 
and stability of this thetin, which to the authors’ knowledge has 
not been previously described, acid and alkaline hydrolysis were 
studied in some detail, particularly with respect to the stability 
of the sulfonium group. 

Even after autoclaving a solution of Compound II in 6 n HCl 
for 14 hours at 121°, a large proportion of the sulfonium groups 
was still intact, as indicated by the voluminous precipitate which 
resulted upon the addition of phosphotungstic acid. However, 
paper chromatography of the autoclaved mixture in 1-butanol: 
acetic acid:H,O (100:21:50) revealed five ninhydrin-positive 
spots, only one of which appeared to be a sulfonium compound. 
Sulfonium compounds were detected by spraying the chroma- 
tograms with a methanolic solution of ammonium reineckate, 
flushing the papers with water to remove excess reineckate, and, 
after drying, detecting the sulfonium-reineckate complexes by 
their quenching of ultraviolet irradiation. 

As expected (19), the sulfonium group is labile to alkali. 
Merely warming a solution of Compound II in 0.5 N NaOH on a 
steam bath for 4 hours completely destroyed any ability to 
form a precipitate with phosphotungstate. A disagreeable cab- 
bage-like odor was evolved during the hydrolysis. 

Subsequently, a solution containing 1 mmole per ml. of Com- 
pound II in 0.56 Nn NaOH was slowly heated in a three-necked 
flask fitted with a nitrogen inlet, a thermometer, and a water 
condenser. The top of the condenser was connected to a series 
of three traps containing saturated aqueous HgCl, (19). Nitro- 
gen was bubbled through the solution and traps during the 
gradual heating. At 90°, the nitrogen swept over a gas which 
formed a solid HgCl. adduct in the first trap. The gas was 
identified as CH;SH by its odor and by the C:S:H ratio (1:1:3) 
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Paper chromatography of NaOH hydrolysate of S-(2-hydroxyethyl) - 
N-acetylmethionine, thetin* 


No Sample 

1 | S-(2-hydroxyethyl)-N-acetylmethionine, None 
thetin (Compound IT) 

2 | pL-methionine 0.51 

3. | NaOH hydrolysate of Compound II 0.23, 0.51 

4 | NaOH hydrolysate of Compound II + pb t- | 0.24, 0.52 
methionine 


* Chromatographed on Whatman No. 1 paper, with a 1-bu- 
tanol:acetic acid:H2O (100:21:50) solvent; developed papers 
sprayed with 0.4 per cent ninhydrin in 1-butanol. 


and the high melting point (greater than 300°) of the HgCl, 
adduct (20). After a few minutes, no more CH;SH was evolved, 
and the first HgCl. trap was replaced by a trap containing 
saturated lead acetate to collect volatile mercaptans but not 
sulfides. The NaOH concentration of the thetin solution was 
increased to 1 N and the thetin was refluxed and aerated at 105° 
for 15 hours. No lead precipitate formed, but a compound 
accumulated in the second trap (saturated aqueous HgCl.) and 
is thought to have been CH;—S—S—CH,s, according to the C:S 
ratio (1:1) and melting point of its HgCl. adduct (found, 142- 
144°, uncorrected; literature, 147—148° (16)). The CH;SH and 
CH;—S—S—CH; accounted for only 7 per cent of the sulfur 
of the thetin although the sulfonium group was completely 
destroyed during the hydrolysis. 

Analysis of the thetin solution before and after alkaline hydrol- 
ysis revealed that the alkali had liberated a compound which was 
oxidized to formaldehyde by alkaline periodate. The formalde- 
hyde was determined colorimetrically with chromotropic acid 
(21). If this compound were ethylene glycol, a likely hydrolytic 
product of this thetin (19, 22) or any other compound which 
yields 2 moles of formaldehyde when oxidized with periodate, 
then, from the quantitative data, a yield of 0.9 mmole per 
mmole of thetin was obtained. Therefore methionine was 
suspected as another major hydrolytic product. For this reason, 
the hydrolyzed thetin solution was chromatographed, with the 
results shown in Table III. Methionine does appear to be a 
product. The other ninhydrin-positive compound has not been 
identified. 

The alkaline hydrolysis of Compound II may be tentatively 
formulated as shown in Scheme III. 


90 per cent 


OH- 
100° 


\. 7 per cent 
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for a few minutes. As a result of the studies with methionine, 
these data are taken as evidence that 2 moles of ethylene oxide 
converted the mercapto group into a sulfonium group. 
+ 

R—SH + 2C:H,O —— R—S(CH:—CH.—OH): + OH- (8) 
The primary amino group of the cysteine had been completely 
alkylated by the ethylene oxide as indicated by the failure of the 
product to react with ninhydrin and the failure to yield nitrogen 
when analyzed (0.02 mmole of the product in solution) by the 
Van Slyke manometric procedure. Again, the final pH of the 
reaction solution is evidence that the carboxyl group of the 
cysteine had not been esterified. Esterification would have 
consumed another proton and a strongly alkaline solution would 
have been expected. 


DISCUSSION 


The reactions of ethylene oxide with histidine, methionine, 
cysteine, and with the vitamins of the pyridine family (6) all 
have certain features in common. In each case, the reaction 
involves electrophilic hydroxyethylation of an atom with one or 
more lone pairs of electrons, either nitrogen or sulfur. The 
products are all produced under mild conditions, and in each case 
they are highly polar compounds containing an “‘onium”’ group. 
Tertiary heterocyclic nitrogen appears to be especially easily 
hydroxyethylated, so that one might expect purines and pvyrimi- 
dines to be likely reactants. The alkylating potential of ethylene 
oxide is in many ways similar to that of the sulfur and nitrogen 
mustards (23, 24), which can also alkylate the nitrogen atoms of 
imidazole and the sulfur of methionine (25, 26). 

The applicability of the reactions reported in this paper to 
the safety of using ethylene oxide as a commercial fumigant in the 
food industry has been previously discussed (6, 27). The studies 
with fumigated proteins give qualitative evidence of the poten- 
tial danger of fumigating proteinaceous foodstuffs with ethylene 
oxide. Reasons for the accelerating action of moisture in 
ethylene oxide-vitamin reactions were discussed previously (6). 
Similar reasoning would apply to the ethylene oxide-amino acid 
reactions. 

The strong polarity of the ethylene oxide-amino acid products 
may help to explain the isoelectric and electrophoretic shifts of 
proteins after ethylene oxide treatment, as observed by Fraenkel- 
Conrat (5), whose methodology could not detect the specific 
reactions with the imidazole of histidine and the thioether group 
of methionine. From theoretical considerations, the involve- 
ment of imidazole group quaternization in these shifts has already 
been suggested by Alexander (23). 


HO—CH.—CH:—OH + CH;COO- + methionine 


CH;SH + CH;COO- + amine (?) + (?) 


ScHEME IIT 


Reaction of Ethylene Oxide with Cysteine-HCl—The reaction of 
an aqueous solution of cysteine-HCl (pH 1.0) with ethylene 
oxide produces a clear yellow-colored solution and elevates the 
pH to 8.5. The product, which could not be crystallized, yields 
an insoluble precipitate with phosphotungstic acid. This prop- 
erty is destroyed by heating the product to 100° in dilute alkali 


That the 1 ,3-bis-(2-hydroxyethyl)histidine has no biological 
value for the rat would have been anticipated from the report by 
Sakami and Wilson (28) that 1-methylhistidine is inert as a 
histidine substitute in this species. The apparent inertness of 
the S-(2-hydroxyethyl) sulfonium derivative of methionine is 
somewhat more novel, considering the report by Bennett (29) 
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that the methylsulfonium derivative will replace methionine for 
rats grown on a methionine-deficient diet. 

The reaction product of ethylene oxide with lysine has not 
been identified. The decrease in microbiologically available 
lysine of ethylene oxide-treated Labco casein, lactalbumin, and 
egg albumin is influenced by the presence of water and possibly 
by the protein itself. These ethylene oxide-treated proteins 
were unable to support the growth of weanling rats when fed at 
a level of 9 per cent of the diet.!. By supplementation experi- 
ments, Labco casein and lactalbumin were found to be deficient 
in histidine and methionine, and egg albumin deficient in histidine 
and lvsine.!. In analogy with the results with other amino acids, 
it is assumed that hydroxyethylation of one or both of the 
primary amino groups of lysine can account for the observed 
decrease in the availability of this amino acid. 

The toxicity of subcutaneous injections of the ethylene oxide- 
cysteine-HCl reaction product in the rat was reported in an earlier 
paper (2). Now, with more information about the probable 
structure of the product, a relationship is suggested between 
this compound and a series of synthetic sulfoniums (30, 31) which 
act as spasmolytics, presumably by virtue of their antagonism 
to acetylcholine. The toxic effect of the cysteine derivative 
does appear to be mediated through the central nervous system. 
Death is preceded by a generalized flaccid paralysis and respira- 
tory failure. The synthetic spasmolytics and the cysteine 
product have the following structure in common: (R)S*—CH:— 
CH.—O-. The relationship to acetylcholine is apparent. The 
product of the ethylene oxide treatment of methionine did not 
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induce any toxic symptoms when injected into two rats at 2.5 
times the LDs5o of the cysteine-HC1 product. 


SUMMARY 


The decrease in the microbiological availability of histidine 
and methionine in proteins treated with ethylene oxide appears 
to be correlated with the electrophilic hydroxyethylation of an 
atom with one or more lone pairs of electrons, particularly 
nitrogen and sulfur. 

In model experiments conducted in aqueous solution at room 
temperature, ethylene oxide reacts readily with imidazole or 
histidine to yield the corresponding 1 ,3-bis-(2-hydroxyethy])- 
imidazolium derivative. With methionine or N-acetylmethio- 
nine, ethylene oxide hydroxyethylates the sulfur to yield the 
corresponding sulfonium derivatives. Likewise, double alkyla- 
tion of the mercapto group of cysteine produces a sulfonium 
group. The primary amino groups of these amino acids also 
become alkylated, but esterification of carboxyl groups does not 
seem to be involved. 

The lability in alkali of the ethylene oxide-produced “onium” 
groups in these amino acids has been studied and some of the 
degradation products identified. 
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The Biosynthesis of N-Carbamylhydroxyaspartic Acid* 


H. J. SALLACH 


From the Department of Physiological Chemistry, University of Wisconsin Medical School, Madison, Wisconsin 


(Received for publication, October 30, 1958) 


The formation of hydroxyaspartic acid in vitro by a transamina- 
tion reaction between glutamate and oxaloglycolate has been 
established by studies in this laboratory (2) as well as by the 
independent work of Garcia-Hernandez and Kun (3). The 
present report is concerned with the further metabolism of this 
amino acid. Experiments to be described show that hydroxy- 
aspartate reacts with carbamy! phosphate in the presence of 
enzyme preparations from normal rat liver or Ehrlich’s ascites 
cell carcinoma. Proof is presented that the product of this 
transcarbamylation reaction is N-carbamylhydroxyaspartate. 
Certain characteristics of the reaction are discussed. 


EXPERIMENTAL 


Enzyme Preparations—Two enzyme preparations were used 
in these studies. The first was prepared from Ehrlich’s ascites 
cell carcinoma. The ascites cells' were obtained by administer- 
ing to 5- to 6-week-old mice intraperitoneal injections of an iso- 
tonic NaCl suspension of cells (approximately 10’ cells per 
mouse). The mice were killed by decapitation 6 to 7 days after 
transplantation. The ascites fluid was removed, centrifuged, 
and the supernatant fluid discarded. The cells were washed 
four times by resuspending them in 6 volumes of 0.154 m NaCl 
solution and recentrifuging. One volume of cells was homog- 
enized with 3 volumes of 0.154 m KCI solution in a Waring 
blendor for 2 minutes. The homogenate was centrifuged at 
12,000 x g for 30 minutes at 0°. The supernatant solution was 
the enzyme preparation used in all experiments with ascites 
cells. 

The second source of enzyme was normal rat liver. Young 
rats weighing 50 to 70 grams were used. A homogenate of rat 
liver was prepared by blending 1 part by weight of tissue with 9 
volumes of isotonic KCl in a Waring blendor for 2 minutes. The 
homogenate was centrifuged at 12,000 x g for 45 minutes at 0°. 
The supernatant solution was fractionated, in the cold, by the 
addition of 20 gm. of ammonium sulfate per 100 ml. of solution. 
The precipitated protein was recovered by centrifugation at 
12,000 x g for 30 minutes at 0° and dissolved in cold glass-dis- 
tilled water (3.0 ml. per gm. of tissue used). This fraction was 
used in all experiments in which rat liver was the source of the 
enzyme. 

Protein was determined by the method of Lowry et al. (4). 

Substrates—Synthetic and enzymatically formed hydroxy- 


* This investigation was supported in part by Research Grant 
No. A-922 from the National Institute of Arthritis and Metabolic 
Diseases of the National Institutes of Health, United States 
Public Health Service, and the Wisconsin Alumni Research Foun- 
dation. Part of this work has been reported before the forty- 
ninth annual meeting of the American Society of Biological Chem- 
ists at Philadelphia in 1958 (1). 

1 Obtained through the courtesy of Dr. A. G. LePage. 


aspartic acid (erythro-B-hydroxy-L-aspartate (5)), was obtained 
as described previously (2). Hydroxyaspartate-2,3-C™ was 
synthesized from fumarate-2,3-C'™ by the same procedure. It 
was isolated by chromatography on Dowex 1 formate. All 
samples of the amino acid gave theoretical nitrogen values on 
analysis. Uniformly labeled L-aspartate-C™ and the nonradio- 
active compound were commercial preparations. The carbamy] 
derivatives of aspartate and hydroxyaspartate were prepared 
from the corresponding C!4-labeled amino acids by the method 
of Nye and Mitchell (6). Nonradioactive carbamy] phosphate, 
as the crystalline ammonium salt,? was generously provided by 
Dr. Robert Metzenberg of this department. The C-labeled 
compound was synthesized by the method of Jones et al. (7). 
The potassium cyanate-C™ used in this synthesis was prepared 
from urea-C™ as described by Williams and Ronzio (8). Car- 
bamyl! phosphate preparations were analyzed for the carbamy] 
group by enzymatic conversion to citrulline (9). 

Ion Exchange Chromatography—Columns of Dowex 1-X10 
formate, 200 to 400 mesh, of 1.0 em. internal diameter and a 
resin bed length of 22.0 cm. were prepared and regenerated as 
described by Hurlbert et al. (10). The reaction mixtures were 
deproteinized with HClO, (final concentration 0.3 m) at 0°, 
centrifuged, and neutralized to pH 6 to 7 by the addition of 4 
n KOH with phenol red as an internal indicator. The pre- 
cipitated KCIO, was removed from the cold solution by centrif- 
ugation, and aliquots of the supernatant solutions were passed 
through the columns. The latter were then washed with 15 ml. 
of water. In experiments in which radioactive carbamy] phos- 
phate was used, the CO, formed from the unchanged carbamy] 
phosphate upon acidification was removed by aeration with CO, 
and N,2 before the neutralization step. 

Elution System 1—The reservoir of the gradient elution ap- 
paratus contained 0.5 nN formic acid, and the mixing vessel con- 
tained 250 ml. of water. The volume of the fractions was 2.2 
ml. After 80 fractions had been collected, the 0.5 N formic acid 
was replaced by 2.0 N formic acid. The separation of a mixture 
containing 20 uwmoles each of radioactive aspartate, hydroxy- 
aspartate, and their carbamy! derivatives is shown in Fig. | 
below. 

Elution System 2—In those experiments in which only one amino 
acid was used in the incubation flask, no separation of carbamyl 
derivatives was required. In such cases, the elution procedure 
was modified as follows. The amino acid was eluted by washing 
the column with 75 ml. of 0.25 n formic acid. The column was 
then placed on a fraction collector and the carbamylamino acid 
was eluted with 4.0 n formic acid. Fractions of 3.0 ml. were 


collected. 


2R. L. Metzenberg, M. Marshall, and P. P. Cohen, to be pub- 
lished. 
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The elution system used is indicated with the individual ex- 
periments. 

Incubation Conditions—Incubations were carried out in a wa- 
ter bath at 37°. Each flask contained diethanolamine hydro- 
chloride buffer (pH 8.9) at a final concentration of 0.1 Mm and 
ethylenediaminetetraacetate at a final concentration of 0.001 
vy. Other conditions are reported with the individual experi- 
ments. It should be pointed out that at carbamy] phosphate 
concentrations of 0.05 m or higher, an appreciable nonenzymatic 
blank occurs (approximately 3 per cent). Therefore, the final 
concentration of this compound used in most of the studies was 
0.005 m or less. It is important to stress that the samples, after 
deproteinization, were immediately washed into the columns. 
Under these conditions the blank was negligible. In all cases, 
controls were run simultaneously, and the values have been cor- 
rected for the nonenzymatic blank. 

Determination of Carbamylamino Acids—The carbamylamino 
acids were determined by the colorimetric procedure of Koritz 
and Cohen (11) or by measurement of radioactivity when C"- 
labeled substrates were used. The counting data presented 
here were determined by direct plating of the material on copper 
disks (12). The samples were counted in a model D 47 gas flow 
counter (Nuclear-Chicago) with the Micromil window. All 
assays for carbamylamino acids were made after chromatography 
of the reaction mixtures as outlined above. 


RESULTS AND DISCUSSION 


In the presence of carbamy! phosphate and hydroxyaspartate, 
radioactivity was found in the fractions corresponding to authen- 
tic carbamylhydroxyaspartate when either of these two sub- 
strates was labeled with C" (Fig. 1). The fractions in question 
were not radioactive when C'4-hydroxvaspartate or C'4-carbamyl 
phosphate (not shown) was incubated separately with the en- 
zyme preparation. Similar results were obtained with liver as 
the source of enzyme. 

Individual fractions presumed to contain carbamylhydroxy- 
aspartate were analyzed for carbamylamino acids by the colori- 
metric procedure. When these results were compared to those 
based on the specific activities of the substrates used, good 
agreement was obtained (Table 1). 

A series of incubations with radioactive substrates was made to 
accumulate sufficient material for identification purposes. The 
fractions corresponding to known carbamylhydroxyaspartate 
were pooled and lyophilized. The residue was dissolved in 3 
ml. of water and the resulting solution (hereafter called Solution 
D) was used in the experiments described below. Solution D 
was found to contain 1.83 « 10° ¢.p.m. per ml. and 0.036 mmole 
per ml. of presumed carbamylhydroxyaspartate calculated from 
the specific activity of the substrates used. Aliquots of Solu- 
tion D were chromatographed on paper with n-butanol :acetic 
acid: water (40:40:20) as the ascending solvent system. The 
dried paper sheet was cut into strips, and the radioactivity of 
the latter was determined in a gas flow counter. <A single spot, 
with the same Rr (0.40 cm) as authentic carbamylhydroxy- 
aspartate, was found. When the paper strip was sprayed with 
the p-dimethylaminobenzaldehyde reagent used by Fink et al, 
(13) for the detection of carbamylamino acids, a yellow spot 
developed which coincided with the C-labeled area. Paper 
chromatography of Solution D in three other solvent systems 
gave similar results. 

The isolation of O-carbamy]-p-serine from the culture media of 
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Fic. 1. Chromatography of reaction mixtures by Elution Sys- 
tem 1] as described in the text. Substrates used were: I, carbamyl 
phosphate-C'* (25 wmoles per flask, 8080 c.p.m. per umole) and 
nonlabeled hydroxyaspartate; II, hydroxyaspartate-C' (8100 
c.p.m. per umole) and nonradioactive carbamyl phosphate (25 
umoles); III, hydroxyaspartate-C'‘ alone (8100 c.p.m. per umole). 
Each flask contained 100 wmoles of hydroxyaspartate; 18 mg. of 
protein (ascites cells). Final volume 6.1 ml.; incubation time, 
l hour. (Values represented by diagonal bars have been divided 
by 10 to permit plotting of data.) IV, a mixture of 20umoles each 
of authentic samples of the following C'*-labeled compounds: 
A, aspartate; B, hydroxyaspartate; (, carbamylaspartate; D, 
carbamylhydroxyaspartate. 


TABLE I 


Determination of carbamylhydroxyaspartate by two assay 
procedures in fractions after column choromatography 
The reaction system contained 100 ymoles hydroxyaspartate- 
C'* (5080 c.p.m. per umole); 25 wmoles of carbamyl phosphate; 15 
mg. protein (liver). Final volume 6.1 ml.; incubation time, 1 
hour. Elution System 1. 


Carbamylhydroxyaspartate per 
fraction as determined by 
Fraction No. 


| 


Radioactivity Colorimetric assay 


pumoles pmoles 
188 | 0.51 0.55 
190 0.99 0.90 
192 1.39 1.29 
194 1.29 1.20 
196 0.85 0.88 
198 0.54 0.54 


a strain of Streptomyces has been reported (14). The formation 
of O-carbamylhydroxvaspartate in this system was ruled out by 
the following findings. Aliquots (0.2-ml.) of Solution D did not 
give a positive ninhydrin reaction when analyzed by the method 
of Moore and Stein (15); in addition, no ninhydrin reacting ma- 
terial could be detected on the paper chromatograms described 
above. When 1 ml. of Solution D was applied to a 1 & 22-cm. 
column of Dowex 50, hydrogen form, and the column was washed 
three times with 20 ml. of water, all of the radioactivity was re- 
covered in the water effluent. 

Although the above experiments established that the O-car- 
bamy!] derivative of the amino acid was not the product of the 
transcarbamylation reaction, the possible formation of the disub- 
stituted derivative t.e. 
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had to be considered. The amount of presumed carbamyl- 
hydroxyaspartate produced, as measured by the colorimetric and 
radioactivity procedures, consistently agreed. Therefore, the 
formation of the disubstituted product seemed highly unlikely 
and could be occurring only if the mono- and disubstituted deriv- 
atives gave the same color intensity in the colorimetric assay. 
Since none of the latter compound was available to check this 
point, the stoichiometry of the reaction was investigated. Equi- 
molar amounts of the two substrates were incorporated into 


TABLE II 
Stoichiometry of reaction 
Each flask contained 100 umoles of amino acid; 25 wmoles of 


carbamyl phosphate; 6.0 mg. of protein (liver). Final volume, 
6.1 ml.; incubation time, 30 minutes. Elution System 2. 


radioactivit yiny- 
incorporated Jato droxyaspartate 
Carbamy! Hydroxyas- carbamylhy- ormed 
phosphate | partate _ droxyaspartate 
| c.p.m./umole c.p.m, pmoles 
2 | 62,500 22,000 338,800 4.5 
3 | 0 | 22,000 , 99,400 | 4.5 
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Fic. 2. Enzyme concentration curve for carbamylhydroxy- 
aspartate formation. O——O, radioactivity; @——®, colori- 
metric assay. Each flask contained 100 wmoles of hydroxyaspar- 
tate-C'* (9700 c.p.m. per umole) ; 25 umoles of carbamyl] phosphate. 
Final volume, 6.1 ml.; incubation time, | hour. Elution System 2. 
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Fic. 3. Time curve for carbamylhydroxyaspartate formation. 
O-—O, radioactivity; @——®@, colorimetric assay. Each flask 
contained 100 wmoles of hydroxyaspartate-C'* (5080 c.p.m. per 
pmole); 25 wymoles of carbamyl phosphate; 14 mg. protein (ascites 
cells). Final volume, 6.1 ml. Elution System 2. 
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carbamylhydroxyaspartate (Table II). These results preclude 
the formation of the disubstituted derivative of the amino acid. 

In view of the results outlined above, it was concluded that the 
product formed from carbamy] phosphate and hydroxyaspartate 
in this system is N-carbamylhydroxyaspartic acid. 

The amount of carbamylhydroxyaspartate formed is propor- 
tional to the concentration of enzyme as shown in Fig. 2. Similar 
results were obtained with the enzyme preparation from ascites 
cells. The reaction was linear with time (Fig. 3). 

Synthetic hydroxyaspartate, which is a mixture of four iso- 
mers, was used in many of the experiments reported in this paper, 
Since it was desirable to investigate the activity, of the natural 
isomer in this system, hydroxyaspartate was prepared enzymati- 
cally from oxaloglycolate and glutamate and isolated as described 
previously (2). A comparison of activities with the isolated and 
synthetic acids is shown in Table III. It is evident that the 
isomer formed enzymatically is the reactive one in the trans- 
carbamylation reaction. 

The enzyme preparations used in these experiments are rich 
in the enzyme aspartic transcarbamylase. No attempt was made 
to separate the two activities. Preliminary inhibition studies 
(Table IV) show that, at equimolar concentrations of hydroxy- 
aspartate and aspartate, carbamylhydroxyaspartate formation 
is decreased 50 per cent, and carbamylaspartate production is 
decreased 30 per cent from the amounts observed with the respec- 
tive amino acids alone. It is known that hydroxyaspartate is a 
competitive inhibitor of Aspartate for growth of Escherichia coli 
and Leuconostoc mesenteroides (16). Garcia-Hernandez and 
Kun, who used extracts of acetone powders of pig mitochondria, 


TaBLeE III 
Carbamylhydroryaspartate formation from isolated 
and synthetic hydroryaspartic acids 
Each flask contained 100 uwmoles of carbamyl phosphate-C'* 
(8080 c.p.m. per zmole); amino acid as indicated; 16 mg. of protein 
(liver). Final volume 6.5 ml.; incubation time, 30 minutes. 
Elution System 2. 


Carbamylhydroxyaspartate formed from 


Amino acid | 
Isolated | Synthetic 
hydroxyaspartate | hydroxyaspartate 

15 | 3.5 ! 1.7 
40 | 6.5 | 3.7 
60 | 9.0 | 4.3 
SO 11.8 | 5.6 
TaBLeE IV 


Inhibition studies 
Each flask contained 100 wmoles of carbamyl phosphate-C' 
(8080 c.p.m. per zmole); amino acids as indicated; 14.5 mg. of 
protein (liver). Final volume, 6.5 ml.; incubation time, 30 min- 


utes. Elution System 1. 
Amino acids incubated ; 
Isolated hy- ormed 
droxyaspartate 
pmoles umoles pumoles pmoles 
1 80 13.3 
2 SO SO 6.4 17.0 
25.2 
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have demonstrated that hydroxyaspartic acid competitively 
inhibits the transamination of aspartate and a-ketoglutarate (3). 
These results suggest that the transcarbamylation of hydroxy- 
aspartate observed in these studies may be due to a lack of 
specificity of the aspartic transcarbamylase. In this connection, 
it may be noted that, if carbamylhydroxyaspartate is further 
metabolized by the same metabolic pathway as carbamyl- 
aspartate, it should give rise to 5-hydroxyuridine, a known anti- 
metabolite of nucleic acid synthesis (cf. (17)). Additional studies 
along these lines are in progress. 
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SUMMARY 


The enzymatic reaction of hydroxyaspartic acid with carbamy] 
phosphate has been studied. .V-carbamylhydroxyaspartate has 
been identified as the product of the reaction. 
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It has been known for many years that p-aminobenzoic acid 
at high concentration is inhibitory to a variety of organisms, 
including rickettsiae (1), bacteria (2, 3), fungi (4), protozoa (5), 
and plants (6). The site of inhibition by p-aminobenzoic acid 
in most of these organisms has not been established. However, 
Davis (3) has shown that the bacteriostatic activity of p-amino- 
benzoic acid toward Escherichia coli (strain W) is reversed 
competitively by p-hydroxybenzoic acid. The inhibition was 
reversed also to a limited extent by shikimic acid and by 5-dehy- 
droshikimic acid. Reversal by p-hydroxybenzoic acid of the 
rickettsiostatic action of p-aminobenzoic acid has been reported 
(7,8). The present communication wll report that the aromatic 
amino acids, but not p-hydroxybenzoic acid or shikimic acid, 
exert a reversing effect on inhibition of Saccharomyces cerevisiae 
by p-aminobenzoic acid, and that shikimic acid accumulates 
in the culture medium in the presence of p-aminobenzoic acid. 


EXPERIMENTAL 


Materials and Methods 


p-Hydroxybenzoic acid and p-aminobenzoic acid were obtained 
from the Matheson Company, and shikimic acid from the Cali- 
fornia Foundation for Biochemical Research. Other compounds 
were obtained from either the Nutritional Biochemicals Corpora- 
tion or other standard commercial sources. 

The strain of yeast used in this investigation, S. cerevisiae 
F.B. 7754, was isolated originally from Fleischmann bakers’ 
yeast (9), and is carried on glucose-yeast extract-agar slants. 
The assay procedure and medium were modifications of those 
described previously by Snell et al. (9, 10) for the assay of biotin. 
The basal medium was supplemented with 100 mg. of L-glutamic 
acid and 0.02 wg. of biotin per |., and adjusted to a final pH of 
4.5.1 Addenda to the basal medium were adjusted to pH 4.5! 
and suitable aliquots were diluted to 1 ml.? with distilled water in 
15 X 100-mm. ignition tubes. The tubes were covered with a 
clean towel and sterilized by steaming for 5 minutes. When the 


* Prepared in part from the doctoral dissertation of Alfred C. 
Schram, The University of Texas, 1958. 

! Dilute hydrochloric acid and sodium or ammonium hydroxide 
were used to adjust the pH of the medium and addenda. When 
acetic acid was used inhibition of yeast growth was observed. 

? When substances of limited solubility, e.g. tyrosine, were 
tested, this volume was increased, and a more concentrated basal 
medium was used to maintain the total volume of medium and 
addenda at 6 ml. 

* It was observed many times that sterilization of freshly pre- 
pared samples was unnecessary. The relatively low pH of the 
medium and the short period of incubation precluded interference 
by other microorganisms. 


tubes had cooled, 5 ml. of the basal medium (previously sterilized), 
containing 0.01 mg. (wet weight) of suspended yeast, were 
dispensed into each tube. The tubes were incubated at 30° for 
approximately 16 hours. Growth response was measured with a 
thermocouple-turbidimeter (11) adjusted so that it read 0 with 
distilled water and 100 with an opaque object. 

The detection of accumulated aromatic precursors, and quanti- 
tative assays for shikimic acid, were performed with E. coli, 
strain 83-1, as described by Davis and Mingioli (12). Specific 
applications of the procedures are described at appropriate places 
in the text. 


RESULTS 


Effect of pH on Inhibition of S. cerevisiae by p-Aminobenzoic 
Acid—In a preliminary study of factors affecting the assay proce- 
dure it was observed that the extent of inhibition of yeast growth 
by p-aminobenzoic acid decreased with increasing pH (Fig. 1). 
A similar effect of pH on p-aminobenzoic acid inhibition of 
Aspergillus niger was noted previously by Cavill and Vincent 
(4). As the pH was increased, increasing amounts of p-amino- 
benzoic acid were required to give an inhibition of S. cerevisiae 
comparable to that observed at pH 4.5. These observations 
suggest that a particular form of p-aminobenzoic acid, pre- 
sumably that containing an undissociated carboxyl group, is 
required for inhibition. 

Reversal of p-Aminobenzoic Acid Inhibition by Aromatic Amino 
Acids—In contrast to the results of Davis (3) with E. colt, 
p-hydroxybenzoic acid and shikimic acid were ineffective in 
reversing p-aminobenzoic acid inhibition of S. cerevisiae (Table 
I).4 Of various substances tested, including sulfanilamide, 
amino acids, vitamins, purines, and pyrimidines, only the aro- 
matic amino acids were effective in reversing the inhibition. The 
order of effectiveness of these amino acids was phenylalanine > 
tyrosine > tryptophan (Table [). Combinations of any two 
of these amino acids were more effective than the individual 
amino acids in reversing the inhibition, and a combination of all 
three amino acids was most effective. With increasing con- 
centration of p-aminobenzoic acid, the greater effectiveness of a 
combination of all three amino acids became more apparent. 
In fact, a synergistic effect was exhibited by the latter combina- 
tion. It should be noted, however, that as the concentration of 
p-aminobenzoic acid was raised, increasing amounts of the com- 
bination of all three amino acids were required for reversal of the 
inhibition. At the highest level of p-aminobenzoic acid the 

‘ p-Hydroxybenzoic acid and shikimic acid were ineffective also 


at concentrations of p-aminobenzoic acid below the lowest level 
(300 wg. per 6 ml.) shown in Table I. 
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Fic. 1. The effect of pH on inhibition of S. cerevisiae by p- 
aminobenzoic acid. Sufficient p-aminobenzoic acid was added to 
the basal medium to give a final concentration of 300 ug. per assay 
tube, and aliquots of the resulting solution were adjusted (Beck- 
man glass electrode) to the pH values indicated. Other conditions 
were as described under ‘‘Materials and Methods.’’ PABA rep- 
resents p-aminobenzoic acid. 


growth rate was not completely restored to normal by the com- 
bined aromatic amino acids. Neither shikimic acid nor p- 
hvdroxybenzoic acid showed a sparing effect on the aromatic 
amino acid requirement. 

These data suggested that p-aminobenzoic acid inhibited, 
directly or indirectly, the utilization of a common precursor of 
the aromatic amino acids. The individual amino acids and 
combinations thereof appeared to exert a sparing effect upon the 
common precursor. With increasing concentration of p-amino- 
benzoic acid, this sparing effect became less pronounced, suggest- 
ing either that p-aminobenzoic acid interfered with other enzyme 
systems or that an additional product derived from the common 
precursor was required. This postulated product, however, is 
not p-hydroxybenzoic acid, since the latter substance was ineffec- 
tive when tested in combination with the three aromatic amino 
acids. 

Accumulation of Shikimic Acid in Presence of p-Aminobenzoic 
Acid—To test the possibility that an aromatic precursor might 
accumulate in the presence of p-aminobenzoic acid, culture 
filtrates of S. cerevisiae were assayed with E. coli, strain 83-1. 
This mutant is blocked between 5-dehydroquinie acid and 5- 
dehydroshikimic acid, and requires for growth either the latter 
substance, or shikimic acid, or the five aromatic compounds; 
phenylalanine, tyrosine, tryptophan, p-aminobenzoic acid, and 
p-hydroxybenzoic acid (13). Preliminary experiments indicated 
that the culture filtrates supported slow growth of the mutant 
on the salts-glucose-citrate medium (medium A) of Davis and 
Mingioli (14). To increase the sensitivity of the assay, the latter 
medium was supplemented subsequently with 20 ug. of L-tyrosine 
and 40 ug. of pt-phenylalanine per ml. (12). The activity of 
the culture filtrates increased with increasing concentration of 
p-aminobenzoic acid®: * until decreased yeast growth became the 

§ Davis (3) has reported that the minimal inhibitory concentra- 


tion of p-aminobenzoic acid for FE. coli 83-1 is 10 ug. per ml. on 
solid medium and even higher in liquid medium. In the present 
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TaBLeE I 
Effect of aromatic amino acids, shikimic acid, and p-hydrorybenzoic 
acid on p-aminobenzoic acid inhibition 


Galvanometer readings 
= 
z Compound tested* Concentration, wg. per 6 ml. 
0 | 10 | 20 | so | 100| soo! 1000 
ug./6 
ml. 
None 88 
300 Phenylalanine 21 61) 81 = 87 
Tyrosine 27 | 34 «54 81 
300 Tryptophan 26 | 30 | 33 «42 
300 Phenylalanine + 51 | 74 88 87 
tyrosine 
300 Phenylalanine + 54.77 88 | 89 
tryptophan 
300 Tyrosine + tryp- 35 45 69 86 
tophan 
300 Phenylalanine + 64 82 88 | 92 | 
tyrosine + tryp- | 
tophan 
300 | Shikimic acidt 22 | 21 | 19 | 20 be ea 
300 p-Hydroxybenzoic 23 22 | 
acidt 
1000 Phenylalanine 3 | | 29 40 45 
1000 Tyrosine | | 11 | 16 24 
1000 Tryptophan | | | 6 10 15 
1000 Phenylalanine + | | 68 | 76} 81 
tryosine | | | | . | 
1000' Phenylalanine + | | | | 84 89) 
tyrosine + tryp- | | 
tophan 
2000 Phenylalanine + | 10 | 22, 58 
tyrosine + tryp- | 
tophan | | 


* The L-isomers of the amino acids were used. The assay was 
performed as described under ‘‘Materials and Methods.’’ 

+t Shikimiec acid was ineffective also at 200 and 500 ug. levels, 
and p-hydroxybenzoic acid was ineffective at 0.1 and 1.0 yg. levels. 


limiting factor (Table II). The activity of a filter-sterilized 
culture filtrate (line 7, Table II) was slightly greater than that 
of the autoclaved filtrate (line 4, Table Il). The latter observa- 
tion indicated that a small amount of 5-dehydroshikimic acid 
may have been present in the culture filtrate, since it is known 
that this substance is largely destroyed by autoclaving at pH 7 
(12, 16). However, 5-dehydroshikimic acid was not detectable 
on bioautographs of the culture filtrate (cf. below). 

Further information as to the nature of the active material 
was obtained by bioautography. E. colt 83-1 and minimal 
medium A of Davis and Mingioli (12), supplemented with phenyl- 
alanine, tyrosine, and tryptophan, were employed. Use of the 
supplemented medium enhances the detection of compounds 
involved in aromatic biosynthesis since the requirements for 
p-aminobenzoic acid and p-hydroxybenzoic acid are small com- 


investigation the concentration of p-aminobenzoic acid in the 
E. coli 83-1 assays was below 10 wg. per ml., and no evidence of 
inhibition was noted. 

6 Assay of the veast culture filtrates by the Bratton-Marshall 
procedure (15) showed 95 to 100 per cent recovery of p-amino- 
benzoic acid, thus rendering unlikely the possibility that this 
substance was a precursor of the accumulated compound. 


TABLE II 
Response of E. coli 83-1 to culture filtrates of 
inhibited S. cerevisiae 
The yeast cultures were set up as described under ‘‘Materials 
and Methods.’’ The second column of figures represents yeast 
growth in the presence of the concentrations of p-aminobenzoic 
acid listed in the first column. Aliquots of the culture filtrates 
were assayed with E. coli 83-1 as described in the text. The dose 
response of E. coli 83-1 to shikimic acid is included as a control. 


M1. of culture filtrate 
acid 
Galvanometer readings 
S. cerevisiae E. coli 83-1 
6 ml. | | 
0 89 1 | 2 ys 
50 88 1 | 1 4 
100 86 3 | 8 18 
150 69 8 18 38 
200 34 6 16 34 
250 24 4 12 | 27 
150 69 8* =” | 43* 
Shikimic acid 
pg./10 ml. i | 
0 | | 1 
2 | 17 
5 | 29 
10 | 42 
20 | 52 


* Culture filtrate was filter-sterilized; all other samples were 
autoclaved with the EZ. coli medium. 


A B Cc 


Fic. 2. Tracing of a bioautograph of yeast culture filtrate and 
shikimic acid. Ap values of zones of growth are given within the 
zone area: A, 0.005 ml. of culture filtrate (Table II, line 7); B, mix- 
ture of A and 0.1 wg. of shikimic acid; C, 0.1 wg. of shikimic acid. 
One-fifth volume of 1 n hydrochloric acid was added to the culture 
filtrate before chromatography (12, 16). 
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pared to those for the aromatic amino acids (12). A suitable 
aliquot of a culture filtrate of p-aminobenzoic acid-inhibited 
yeast, shikimic acid, and a mixture of the two samples were 
chromatographed on paper with butanol-acetic acid-water as the 
solvent system (12). A bioautograph (Fig. 2) of the air-dried 
chromatogram revealed the presence in the culture filtrate of a 
compound exhibiting chromatographic mobility indistinguishable 
from that of shikimic acid. 5-Dehydroshikimic acid could not 
be detected on the bioautographs, even when larger amounts of 
culture filtrate were employed.’ 

To establish unequivocally the identity of the accumulated 
compound it appeared desirable to isolate this substance from a 
culture filtrate of p-aminobenzoic acid-inhibited yeast. For 
this purpose 10.5 |. of medium containing 4.5 gm. of p-amino- 
benzoic acid were inoculated with 18 gm. of Fleischmann bakers’ 
yeast, and the mixture was incubated at 30° for 16 hours. The 
yeast was removed in a Sharples centrifuge and the effluent 
(total activity equivalent to 500 mg. of shikimic acid) was filtered 


through a column prepared from a mixture of 160 gm. of Darco 


G-60 and 160 gm. of Whatman cellulose powder (coarse grade). 
The column was washed consecutively with 1.5 1. of water and 
1.25 |. of 10 per cent ethanol, and then eluted with 1.25 1. of 50 
per cent ethanol. The eluate (total activity, 400 mg. of shikimic 
acid) was evaporated in a vacuum. The brown syrupy residue 
was triturated with 10 ml. of warm ethanol, and the ethanol solu- 
tion was evaporated in a vacuum. The residue was dissolved 
in 10 ml. of water and the solution was passed through a column 
prepared from 20 gm. of Dowex 50 X 2 (50-100 mesh, hydrogen 
phase). The column was washed with 50 ml. of water. Most 
of the colored material remained in the column. The effluent 
(total activity, 325 mg. of shikimic acid) was adjusted to pH 8.4 
with dilute sodium hydroxide solution and passed through a 
column prepared from 30 gm. of Dowex 1 xX 2 (50 to 100 mesh, 
chloride phase). The column was washed with 100 ml. of water 
and then eluted with 100-ml. portions of 0.3 N acetic acid. The 
second 100-ml. fraction contained most of the activity (total 
activity, 280 mg. of shikimic acid). This fraction was evapo- 
rated in a vacuum, the syrupy residue was dissolved in a hot 
mixture of 0.8 ml. of ethanol and 3.0 ml. of ethyl acetate, and 
the solution was stored overnight in a refrigerator. The solid 
was recrystallized from ethanol-ethyl acetate (1:4) to give 60 
mg. of colorless crystals (12 per cent of the original activity). 
The material isolated had an Ry, value in butanol-acetic acid- 
water identical with that of shikimic acid. The melting point of 
the isolated material was 185-186° (uncorrected), that of shikimic 
acid was 186-187° (uncorrected), and the melting point of a 
mixture of the two samples was 185~-187° (uncorrected). The 
isolated material was characterized further by its x-ray diffrac- 
tion pattern,§ which was identical with that of shikimic acid. 
Effect of Autoclaving with Acid on Activity of Culture Filtrate— 
The possibility was considered that a derivative of shikimic acid, 
e.g. compound Z1 or 5-phosphoshikimic acid, not readily detect- 
able by assay with E. coli 83-1 under the conditions employed, 
might be present in the culture filtrate. These two derivatives 
are converted to shikimic acid by heating in the presence of acid, 


7 On some bioautographs, particularly after prolonged incuba- 
tion, a large, faint zone of growth (Rr = 0.82) appeared. This 
spot was due presumably to p-aminobenzoic acid which supports 
slow growth of E. coli 83-1 in the presence of the triple aromatic 
amino acid supplement (12, 13). 

§ The authors are indebted to Dr. S. H. Simonsen for the x-ray 
diffraction patterns. 
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and can thus be distinguished from shikimic acid by differential 
assay (12). The data in Table III show that the activity of the 
culture filtrate was not altered significantly by autoclaving with 
0.1 N hydrochloric acid. Similar results were obtained with a 
culture filtrate from a heavily inoculated culture prepared as 
described above. These results indicate that the culture filtrates 
contained little, if any, compound Z1 or 5-phosphoshikimic 
acid.? 
DISCUSSION 


It seems reasonable to conclude from the data presented that 
p-aminobenzoic acid, directly or indirectly, inhibits the utiliza- 
tion of a precursor (or precursors) common to the biosynthesis of 
phenylalanine, tyrosine, and tryptophan. This conclusion is 
based on the following observations: (a) these three amino acids 
exhibited synergism in reversing p-aminobenzoic acid inhibition; 
(b) the individual amino acids were effective, to different extents, 
in reversing the inhibition (phenylalanine > tyrosine > tryp- 
tophan), suggesting that each amino acid exerted a sparing effect 
upon a common precursor. 

The accumulation of shikimic acid in the culture medium in 
the presence of p-aminobenzoic acid suggests that the site of the 
inhibition is the utilization of endogenous shikimic acid. How- 
ever, there are several limitations to this suggestion. In the 
first place, exogenous shikimic acid was ineffective in reversing 
the inhibition. This lack of activity of shikimic acid may be due 
to the possibility that externally added shikimic acid is inacces- 
sible to its enzyme within the cell or that the inhibition is non- 
competitive in nature. It is also possible that more than one 
step between shikimic acid and the aromatic amino acids is 
blocked by p-aminobenzoic acid. Although the evidence indi- 
cates that neither 5-phosphoshikimic acid nor compound Zl 
were present in the culture filtrate, the possibility has not been 
eliminated that one or both of these compounds did accumulate, 
but were converted to shikimic acid under the acidic condition 
of the culture medium. Until additional data are obtained it 
would seem appropriate to conclude only that the site of inhibi- 
tion by p-aminobenzoic acid is in the sequence of common aro- 
matic precursors between shikimic acid and the aromatic amino 
acids. 

The observation that both p-hydroxybenzoic acid and shikimic 
acid were ineffective in reversing p-aminobenzoic acid inhibition 
of S. cerevisiae, whereas p-hydroxybenzoic acid, and to a limited 
extent, shikimic acid, were effective in reversing p-aminobenzoic 
acid inhibition of E. colt (3), would appear to indicate that the 
site of the inhibition is different in these two organisms. How- 
ever, it should be pointed out that Davis (3) noted that with 
increasing concentration of p-aminobenzoic acid the growth rate 
of E. colt was less completely restored by p-hydroxybenzoic acid, 
and suggested that the residual inhibition was due to interference 
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TaBce III 

Effect of autoclaving with acid on activity of culture filtrate 

The yeast culture was set up as described under ‘‘Materials 
and Methods;’’ pH, 4.5; p-aminobenzoic acid concentration, 300 
ug. per6 ml. One-half the culture filtrate was autoclaved for 30 
minutes with an equal volume of 0.2 N hydrochloric acid and the 
hydrolysate was neutralized with dilute sodium hydroxide. 
Equivalent amounts of the treated and untreated samples were 
assayed with E£. coli 83-1 as described in the text. 


ML. of culture filtrate 


Treatment 0.1 | 0.3 1.0 

| Galvanometer readings 
| 4 | 1] | 31 
.......... | 3 | 10 | 28 


| 


of p-aminobenzoic acid with other enzyme systems. It may be 
that p-hydroxybenzoic acid does not play a metabolic role in S. 
cerevisiae, and that the enzyme system (or systems) in E. coli to 
which Davis alluded has a function similar to the enzyme system 
in S. cerevisiae which is inhibited by p-aminobenzoic acid. It 
should be noted also that the pH of the E£. coli medium was 7, 
whereas the present experiments with S. cerevisiae were performed 
at pH 4.5. The significance, if any, of this difference remains to 
be studied. As mentioned earlier in this paper, the extent of 
inhibition of S. cerevisiae by p-aminobenzoic acid decreased as 
the pH was increased above the latter value. 


SUMMARY 


Growth of Saccharomyces cerevisiae is inhibited by high con- 
centrations of p-aminobenzoic acid. The minimal inhibitory 
concentration was approximately 25 ug. per ml. The extent of 
inhibitition decreased as the pH was increased above 4.5. 

Of various substances tested, only the aromatic amino acids 
were effective in reversing the inhibition. The order of effective- 
ness of these amino acids was phenylalanine > tyrosine > tryp- 
tophan. Combinations of any two of these amino acids were 
more effective than the individual amino acids and a combina- 
tion of all three amino acids was most effective. 

An aromatic precursor accumulated in the culture medium in 
the presence of p-aminobenzoic acid. This precursor was iso- 
lated and identified as shikimic acid. 

It is suggested that p-aminobenzoic acid inhibits, directly or 
indirectly, the utilization of shikimic acid or a subsequent com- 
mon precursor of the aromatic amino acids. 


Acknowledgment—We wish to thank Janet G. Reed for excel- 
lent technical assistance. 
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Haroup L. SEGAL AND Lewis A. MOLOGNE 


From the Biochemistry Department, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania 


(Received for publication, November 11, 1958) 


A variety of nonphysiological phenols (1-4), as well as pheno- 
lic (5-7) and nonphenolic (6, 8) steroids, have been shown to be 
capable of undergoing sulfurylation in the presence of a suitable 
3’-phosphoadenosine-5’-phosphosulfate-generating system and 
sulfate transferring enzyme from liver. Attempts to sulfurylate 
the phenolic amino acid, tyrosine, however, were unsuccessful 
(9). This finding was particularly puzzling in view of the fact 
that tyrosine-O-sulfate is excreted in appreciable quantities in 
human urine (10), and that in at least one protein tyrosine occurs 
ina sulfurylated form (11). It occurred to us that derivatives of 
tyrosine, rather than free tyrosine, might be the forms which 
undergo sulfurylation. Experiments demonstrating that this is 
indeed the case are reported in the present communication. 


EXPERIMENTAL 


Enzyme Preparation—The livers of normal, male rats of the 
Carworth strain were homogenized in 9 volumes of 0.25 M sucrose 
containing 10-* m ethylenediaminetetraacetate in a Servall Omni- 
Mixer for 30 seconds at 0°. The homogenate was centrifuged 
at 5,000 x g for 10 minutes, and the supernatant fluid recentri- 
fuged at 100,000 x g for 20 minutes. GSH, 0.1 mM, was added to 
the second supernatant fluid to a final concentration of 0.01 m 
(fraction Se). 

Assay Procedures—The enzyme activity was based upon the 
rate of appearance of free p-nitrophenol, which was measured by 
the optical density change at 400 my in a Beckman model DU 
spectrophotometer, essentially according to the method of 
Gregory and Lipmann (4). In the complete system, each cuvette 
contained in 3.2 ml., 15 uwmoles of p-nitrophenyl sulfate, 450 
umoles of tris(hydroxymethyl)aminomethane or glycine buffer, 
15 umoles of sulfate acceptor, 30 umoles of GSH, and 0.3 ml. of 
coenzyme solution. The reaction was started by the addition of 
the enzyme solution by means of the adder-mixer invented by 
Bover (12). Water at 30° was circulated around the cell com- 
partment. Plots of optical density against time were linear for 
the first few minutes, and the initial slope was taken as the initial 
velocity of the reaction. The rate was proportional to enzyme 
concentration within the limits employed. 

Protein was determined by the method of Lowry et al. (13). 
A bovine albumin preparation was employed as a standard. 

Materials—p-Nitrophenyl sulfate was the potassium salt 
(Sigma Chemical Company). The coenzyme solution was pre- 
pared from a crude barium adenosine diphosphate fraction 
(Schwarz Laboratories, Inc.) and was about 0.007 m in adenine 
compounds as determined spectrophotometrically. 


* This work was supported by a research grant (A-875) from the 
United States Public Health Service. 


RESULTS 


Acceptor Specificity—A variety of tyrosine derivatives was 
tested for acceptor activity as listed in Table I. The rate with 
m-aminophenol as acceptor is set at 100 at each pH for purposes 
of comparison. Of the tyrosine derivatives tested only those 
with a free amino group and without a free carboxyl group ex- 
hibited significant activity. 

pH versus Activity—lIt is apparent from the pH versus activity 
curves (Fig. 1) that the pH optimum with L-tyrosine ethyl ester 
as acceptor was markedly higher than that with m-aminophenol 
as acceptor. L-Tyrosine methyl ester, tyrosine amide, and es- 
pecially tyramine were also found to elicit greater activity at pH 
9.3 than at pH 7.8 (Table I). 

Ammonium Sulfate Fractionation—A 4-fold purification with 
approximately two-thirds recovery could be achieved by pre- 
cipitation of the enzyme from the S, fraction with 25 to 50 per 
cent saturated ammonium sulfate (AS-1 fraction), as shown in 
Table II. The ammonium sulfate was added as a saturated so- 
lution (4°) adjusted to pH 7.6 with concentrated ammonia. <A 
further purification of about 50 per cent with a poorer recovery 
was possible by reprecipitating from the AS-1 fraction (contain- 
ing 4 to 5 mg. of protein per ml.) with 30 to 40 per cent saturated 
ammonium sulfate (AS-2 fraction). The precipitates were dis- 
solved in 0.05 M tris(hydroxymethyl)aminomethane, pH 7.8, con- 
taining 0.01 m GSH. 

It can be seen from Table II that there was no significant sepa- 
ration of m-aminophenol and L-tyrosine ethyl ester sulfurylating 
activities by this procedure. 

Coenzyme Requirement—A crude adenosine diphosphate prep- 
aration proved to be a source of coenzyme activity for sulfate 
transfer (Fig. 2), as also reported by Gregory and Lipmann (4), 
who have identified the active compound as 3’ ,5’-diphospho- 
adenosine. From the extent of reaction in the absence of added 
acceptor (Curve C) and the equilibrium constant for the transfer 
of sulfate from p-nitropheny! sulfate to 3’ ,5’-diphosphoadenosine 
(4),! it can be calculated that the 3’ ,5’-diphosphoadenosine con- 
centration of the incubation solution was 4 to 5 mumoles per ml., 
and that this compound, therefore, represented 0.5 to 1 per cent 
of the adenine compounds present in the coenzyme solution. 

Repeated precipitation of the enzyme with ammonium sulfate 
caused a progressive reduction in the ratio of the activity in the 
absence and presence of added coenzyme, as can be seen from 


1 The difference between the pH at which the equilibrium con- 
stant was obtained (7.8) and the pH of the present measurements 
(8.3) can be ignored, since, at the ratio of p-nitrophenyl] sulfate 
to p-nitrophenol present (1000:1), essentially all the 3’, 5’-diphos- 
phoadenosine is converted to 3’-phosphoadenosine-5‘-phospho- 
sulfate at either pH. 
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TABLE I 
Comparison of various compounds as sulfate acceptors 

Assay conditions as described in text with tris(hydroxymethy]l)- 
aminomethane buffer, pH 7.8, or glycine buffer, pH 9.3. The 
enzyme was from the 8S; fraction. Relative activities were cal- 
culated from the change in optical density between 1 and 15 min- 
utes after addition of the enzyme, minus the corresponding change 
in the absence of added acceptor. 


Enzymatic Sulfurylation of Tyrosine Derivatives 


Compounds Relative degree of sulfurylation 
pH 7.8 9.3 
L-Tyrosine ethyl esterf.............. 20 52 
L-Tyrosine methyl] esterf.............. 21 39 
N-acetyl-L-tyrosine ethyl esterf....... 0 1 
Carbobenzoxy-L-tyrosine methyl] esterf{ 0 3 
0 
0 
0 
prememe 0 8 
L-Tyrosine hydroxamide™............. 0 
N-acetyl-hydroxy-t-prolinef............ 4 0 
0 
L-Phenylalanine ethyl ester§......... 0 
0 


* Eastman Kodak Company, treated with charcoal and re- 
crystallized twice from hot water. 

t Gift of Dr. C. J. Martin. 

t Gift of Dr. K. Hofmann. 

§ Eimer and Amend. 

§ Mann Research Laboratories, Inc. 

|| Gift of Dr. Sofia Simmonds. 

* Not determined. 


© m-AP 


muMoles p-NP Formed / Min. 
— 


7.8 8&3 88 93 3.8 
pH 

Fic. 1. pH versus activity for sulfate transfer. Tris(hydroxy- 
methyl)aminomethane buffer was used in the range 7.8 to 8.8 and 
glycine buffer in the range 8.8 to 9.8. The amount of p-NP 
(p-nitrophenol) formed was calculated by means of the extinction 
coefficients appropriate to each pH and was corrected at the higher 
pH values for a slight inhibition by glycine (about 10 per cent). 
Kither m-AP (m-aminophenol) or TEE (u-tyrosine ethyl ester) 
was present as sulfate acceptor as indicated. An aliquot of an 
S. fraction containing 1.6 mg. of protein was the source of the 
enzyme in all cases. 


TABLE II 
Ammonium sulfate fractionation of sulfate transfer activity 


Data are given with both m-AP (m-aminophenol) as acceptor 
in presence of tris(hydroxymethyl)aminomethane buffer, pH 8.3, 
and TEE (.-tyrosine ethyl ester) as acceptor in presence of gly- 
cine buffer, pH 9.3. Other conditions as described in text. 
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Activity ratio: 
Specific activity without added coenzyme 
Fraction* , with added coenzyme 
with m-AP | with TEE with m-AP with TEE 
(units/mg. protein)t 
7.46 3.64 .76 .19 
30.4 15.8 .22 .06 
44.4 24.2 .00 


* Preparation of these fractions described in text. 
t Unit defined as amount of activity catalyzing transfer of 1 
myumole of sulfate per minute. 


8 8 
T T 


myMoles p-NP Formed 


oO 
' 


3 6 9 12 15 
Time (Min.) 


Fic. 2. Time course of sulfate transfer. In Curve A the com- 
plete system was present as described in the text, with m-amino- 
phenol as sulfate acceptor and tris (hydroxymethyl)aminomethane 
buffer, pH 8.3. In Curves B and C added coenzyme and acceptor, 
respectively, were omitted. An aliquot of an AS-1 fraction con- 
taining 0.47 mg. of protein was the source of the enzyme in all 
cases. p-NP refers to p-nitrophenol. 


the last two columns of Table II, leading to an almost absolute 
requirement for added coenzyme after the second precipitation. 
Treatment of the S, fraction with Norit or Dowex |-chloride also 
accentuated the coenzyme requirement. 

No liberation of p-nitrophenol was observed when added ac- 
ceptor and coenzyme were both absent, thus indicating that aryl- 
sulfatase activity was not present in the enzyme preparations. 

Closely similar results in regard to pH characteristics, added 
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coenzyme requirement and substrate specificity were obtained 


with a specimen of normal human liver.? 


DISCUSSION 


The observation of Bettelheim (11) that the hydroxyl groups 
of the tyrosine residues in fibrinogin are esterified with sulfate, 
and of Tallan et al. (10) that tyrosine-O-sulfate is a normal ex- 
eretory product established the fact that tyrosine or some deriva- 
tive thereof undergoes sulfurylation in vivo. The inability of 
tyrosine itself to be sulfurylated apparently excludes the 
possibility that tyrosine-O-sulfate is merely an artifact of a de- 
toxification type of reaction. It is interesting to note also that 
tyrosine-O-sulfate is not a substrate for a mammalian liver aryl- 


sulfatase (14). 


The present observations, that only carboxyl-substituted or 
carboxyl-lacking derivatives of tyrosine possessing a free amino 
group undergo sulfurylation in the sulfate esterifying system of 
liver, suggest that an analogous type of derivative is the naturally 
occurring sulfate acceptor, possibly an N-terminal tyrosine pep- 
tide in which the free carboxy] group is sufficiently remote or lack- 
ing entirely. The quantities of tyrosine-O-sulfate found in urine 
by Tallan et al. (10) represent a sizable fraction of the total tyro- 
sine excreted. If it arises from the breakdown of peptide-bound 
material, it would suggest that the total pool of sulfurylated pro- 
tein is larger than heretofore supposed, or that it undergoes a 
rapid turnover. It is entirely possible that a number of proteins 
occur naturally in a sulfurylated form, since in the usual proce- 
dures for the analysis of the composition of proteins the sulfate 


groups would be rapidly hydrolyzed, and sulfate is usually not 


sought among the hydrolysis products.3 
It is not possible, on the basis of the present evidence, to de- 
cide whether sulfurylation of the tyrosine derivatives is catalyzed 
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by the same enzyme as that involved in the case of the simple 
phenols. Precipitation of the enzyme with ammonium sulfate, 
as described here, does not lead to a separation of activity, and a 
common coenzyme requirement exists in both cases. On the 
other hand, in each enzyme fraction studied the L-tyrosine ethy] 
ester sulfurylating activity was appreciably more dependent upon 
added coenzyme than the m-aminophenol sulfurylating activity, 
and there was a marked difference in the pH optima for the two 
acceptors. It is probable, however, that the higher pH optimum 
in the case of the tyrosine derivatives reflects an influence of pH 
on both the enzyme and the aliphatic amino group of the side 
chain, particularly in view of the pronounced effect of substitu- 
tion on the amino group on the ability of the methyl and ethyl 
esters of L-tyrosine to act as sulfate acceptors. 


SUMMARY 


A number of tyrosine derivatives have been tested as sulfate 
acceptors in a liver sulfate transfer system. Only those com- 
pounds in which the carboxyl group was absent or substituted 
and in which the amino group was unsubstituted underwent sul- 
furylation. The implications of these findings regarding the 
mechanism of formation of sulfurylated tyrosine compounds in 
vivo is discussed. 

A markedly higher pH optimum was observed for sulfurylation 
of tyrosine derivatives than for sulfurylation of simple phenols. 
It is considered probable that this difference reflects a require- 
ment for an uncharged amino group on the side chain in the for- 
mer class of compounds. 

Ammonium sulfate fractionation did not lead to a separation 
of m-aminophenol and tyrosine ethyl ester sulfurylating activi- 
ties. However, there was a notable difference between these ac- 
tivities in their dependence upon added coenzyme. 
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Riboflavin-deficient rats have been observed to excrete con- 
siderably more kynurenic acid than normal rats after the in- 
gestion of L-tryptophan, but only slightly more kynurenine and 
xanthurenic acid (1). Increased excretion of anthranilic acid 
has also been noted (2, 3). Although the administration of 
tryptophan by injection also produces an increased excretion of 
xanthurenic acid in riboflavin deficiency, the injection of ky- 
nurenine is reported to yield somewhat less in the deficient than 
in the normal animal (4). 

Riboflavin is a component of the prosthetic groups of p- and 
L-amino acid oxidase. Its lack might therefore be assumed to 
alter the production of 8-3-indolepyruvic acid, and through such 
alteration to influence the production and output of other 
tryptophan metabolites. This hypothesis has been tested by 
determining the metabolite production after the incubation of 
liver and kidney slices from riboflavin-deficient and normal 
animals with L-, DL-, and p-tryptophan, L- and p-kynurenine, 
and indolepyruvic acid. The study has required the preliminary 
development of a suitable method of measuring indolepyruvic 
acid quantitatively and the adaptation of other analytical pro- 
cedures to the conditions employed. The purpose of this paper 
is to describe the results obtained by this approach. 


EXPERIMENTAL 


Materials—The pui-tryptophan used in these studies was a 
recrystallized synthetic product. The p- and L-tryptophan 
were prepared through resolution of the brucine salt of acety]- 
DL-tryptophan! by the method of Shabica and Tishler (5). For 
the p-tryptophan, the [a]?’, at a concentration of 0.5 gm./100 ml. 
of solution in water, was +31.1°, for the L-form it was —30.8°. 
The p- and t-kynurenine, used as the sulfate monohydrates, 
were from lots available in the laboratory (6). The [a]?’, at a 
concentration of 1.0 gm./100 ml. of solution in water, was — 
9.5° for the former, + 9.6° for the latter. The indolepyruvic 
acid was synthesized as outlined elsewhere (7) by condensing 
indole-3-aldehyde, prepared as directed by Boyd and Robson 
(8), with hippuric acid and hydrolyzing the azlactone with alkali. 
The purified product ultimately obtained was light tan in color, 


* The data in this paper are taken from a dissertation sub- 
mitted by Clara Y. Lim Sylianco in August 1957 in partial fulfill- 
ment of the requirements for the degree of Doctor of Philosophy 
in Biochemistry in the Graduate College of the State University 
of Iowa. The work was supported in part by a research grant from 
Swift and Company, Chicago, to whom we wish to express our 
thanks. 

1 We are indebted to The Dow Chemical Company of Midland, 
Michigan, for the pL-tryptophan and the acety]-pL-tryptophan 
supplied. 


m.p. 211-212°. Its p-nitrophenylhydrazone melted at 153°, 
in good agreement with the literature (7, 9). 

Tissue Slices—The riboflavin-deficient and the normal rats 
were males of the Sprague-Dawley strain. They had _ been 
housed as weanlings in individual cages and had been fed diets 
which contained “vitamin-free’’ casein (Nutritional Biochemi- 
cals) 18.0, pL-methionine 0.2, sucrose 50.0, Cellu flour 2.0, salt 
mixture (Jones and Foster (10)) 4.0, Crisco 23.0, corn oil 2.0, 
vitamin A and D concentrate? 0.08, choline chloride 0.2, liver 
concentrate® 0.4, and inositol 0.1 per cent. Each kg. of diet 
was fortified normally with a vitamin supplement consisting of 
thiamine hydrochloride 5 mg., riboflavin 10 mg., pyridoxine 
hydrochloride 5 mg., nicotinic acid 5 mg., calcium pantothenate 
25 mg., p-aminobenzoic acid 300 mg., a-tocopherol acetate 25 
mg., 2-methyl-1 ,4-naphthoquinone 2 mg., biotin 100 ug., folic 
acid 100 wg., and vitamin By, 15 wg. After 3 weeks, when the 
individual weights approximated 145 to 150 gm., riboflavin was 
removed from the diet of half of the animals. In 13 to 17 weeks 
thereafter bilateral and symmetrical alopecia, conjunctivitis 
and severe ophthalmia, partial paralysis of the legs, and marked 
loss in weight were observed as signs of the deficiency. At this 
stage, the rat was killed by a blow on the head and the liver 
and kidneys were removed and placed in Petri dishes contain- 
ing cold freshly mixed Krebs-Henseleit solution (11). Control 
tissues were similarly obtained from rats fed the normal diet 
throughout. Tissue slices, 0.3 to 1 mm. thick, were prepared 
with a Stadie-Riggs slicer, washed, and kept in cold Krebs- 
Henseleit solution in Petri dishes surrounded with crushed ice 
before use. 

Incubation—Washed tissue slices, 400 mg. wet weight, were 
incubated in Warburg vessels for 3 hours at 37° in an atmosphere 
of O2 in a medium consisting of 2 ml. of Krebs-Henseleit buffer, 
pH 7.4 (11), or 2 ml. of sodium pyrophosphate buffer, pH 8.2 
(12), plus 1 ml. of buffered substrate. Per ml., the buffered sub- 
strate contained 1 mg. of tryptophan (p-, L-, or DL-), kynurenine 
sulfate (p- or L-), or indolepyruvic acid. After the incubation, 
the medium was decanted from the tissue and aliquots were used 
for analysis. 

Methods of Analysis—Depending upon the substrate employed 
and the response to paper chromatography, the media were 
analyzed for all or several of the following: tryptophan, indole- 


2Qleum percomorphum, Mead Johnson and Company, con- 
taining not less than 60,000 vitamin A units and 8500 vitamin D 
units, U.S.P., per gm. 

3 Liver concentrate, N. F., kindly supplied by The Wilson Lab- 
oratories, through the courtesy of Dr. S. W. Hier. 
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pyruvic acid, kynurenine, anthranilic acid, kynurenic acid, and 
xanthurenic acid. 

Indolepyruvic acid gives a color when spotted on paper and 
sprayed with Ehrlich’s reagent (0.2 per cent solution of p-di- 
methylaminobenzaldehyde in 2 N HCl in 80 per cent ethanol); 
with Salkowski’s reagent (0.01 m FeCl; in 35 per cent HCIO,); 
or with diazotized sulfanilic acid (13). 

The paper chromatographic technique recommended by Stowe 
and Thimann (13) for the separation of indole derivatives was 
first tried without success. When Whatman No. 1 filter paper 
strips were spotted with 50 to 800 ug. of indolepyruvic acid and 
developed with isopropanol, water, and ammonia, in an 8:1:1 
ratio, no authentic indolepyruvic acid spot could be detected. 
Marked streaking, indicative of extensive destruction, was ob- 
served. Subsequently Bentley et al. (14) recorded a similar 
experience, but reported that the destruction could be avoided 
by the use of an acidic solvent. With the solvent of Mason and 
Berg (15), made acid by the addition of 2 ml. of glacial acetic 
acid per 100 ml. (16), definite indolepyruvic acid spots were 
detected. However, subsequent assays by the procedure out- 
lined below showed that, even when the solvent was thus modi- 
fied, marked degradation (60 to 80 per cent) occurred. 

Application of the colorimetric method of Sealock (17) for 
a-keto acids to the estimation of indolepyruvic acid, whether in 
eluates or in pure solution, produced an interfering turbidity. 
This could be avoided by extracting the reaction mixture with 
ether. evaporating the solvent, and partitioning the residue 
between equal volumes of ammonium hydroxide solution and 
chloroform, as directed by Cavallini and Frontali (18). The 
phenylhydrazones of the keto acids are soluble in the former, 
the neutral phenylhydrazones and phenylhydrazine in the latter. 
When 150 to 900 ug. of indolepyruvic acid were added to the 
media, application of this procedure accounted for 92 to 98 
per cent. Deproteinization with trichloroacetic acid or with 
tungstic acid before the analysis reduced the recovery to 73 to 
81 percent. When media to which indolepyruvic acid or trypto- 
phan had been added before incubation were tested for extraneous 
a-keto acids by chromatographing the dinitrophenylhydrazone 
fraction, none could be detected. 

The following method of estimation was therefore adopted. 
To 1 ml. of 0.2 per cent 2,4-dinitrophenylhydrazine in 0.2 N 
HCl solution was added 0.5 to 1.0 ml. of the incubated medium. 
After | hour at room temperature the mixture was chilled in an 
ice bath and extracted with successive 2-ml. portions of ice-cold 
ether until none of the yellow color remained. The combined 
ether fractions were evaporated to dryness at room temperature 
under reduced pressure. The dried residue was shaken well 
with 4 ml. of freshly prepared 1 N ammonium hydroxide solution. 
An equal volume of chloroform was added, the mixture again 
shaken thoroughly and centrifuged to obtain a clear ammonium 
hydroxide layer. 

Two ml. of the ammonium hydroxide layer were pipetted into 
a 10-ml. glass-stoppered graduated cylinder. One ml. of 2 N 
sodium hydroxide solution was added to develop the red color. 
After 5 minutes the mixture was diluted to 8 ml. with water, 
mixed again, and allowed to stand for an additional 7 minutes. 
The color was then measured at 510 my in the Coleman spectro- 
photometer. Indolepyruvic acid values were computed from a 
standard curve prepared from similarly treated solutions of pure 
indolepyruvic acids. The test is sensitive to 10 wg. of indole- 
pyruvic acid in 8 ml. 
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Tryptophan was estimated by the diazotization technique 
previously described (19, 20). Kynurenine, anthranilic acid, 
and indolepyruvic acid also respond. Upon the addition of the 
sodium nitrite solution to an admixture, indolepyruvic acid gives 
a purplish color which persists until the final colorimetric assay. 
On Whatman No. | filter paper strips the acidified Mason and 
Berg solvent (15, 16) effectively separated the anthranilic and 
indolepyruvic acids chromatographically from the tryptophan 
and the kynurenine. The two former substances migrated much 
more rapidly (Rr approximately 0.94) than the two latter (Rp 
approximately 0.44 and 0.42). However, relatively large 
amounts of tryptophan and kynurenine produced considerable 
overlapping. The kynurenine could be determined without in- 
terference by the tryptophan because it required much less 
drastic conditions than the latter for diazotization. Moderate 
amounts of kynurenine could readily be destroyed by incubating 
the diazotizate at 37° for 1 hour (19, 21), but when large amounts 
were present, the destruction was not complete. Heating with 
sodium hydroxide and sodium carbonate at 100° for 3 hours (22) 
destroyed the kynurenine completely, but also produced a partial 
loss of the tryptophan. Since the use of large amounts of medium 
seemed desirable, Tabone’s solvent (5 ml. of concentrated H.SO, 
per |. of 80 per cent ethanol) was tried (21). This produced a 
wide enough separation of the tryptophan (R, 0.56) and the 
kynurenine (f, 0.46) to eliminate the overlapping completely 
in most instances, or to decrease it to the point where the residual 
kynurenine could readily be destroyed by incubation after diazo- 
tization. Interference by indoleacetic acid, which could have 
been produced from the indolepyruvic acid, was ruled out be- 
cause indoleacetic acid had a relative R- value of 0.8 when chro- 
matographed with Tabone’s solvent. 

In determining tryptophan, therefore, 0.2 ml. of medium was 
spotted on Whatman No. | filter paper sheets, along with control 
spots of 0.07 ml. of L- and p-tryptophan solutions (1 mg. per ml.) 
Cylinders prepared from the sheets were allowed to stand in air 
tight vessels for 12 to 14 hours to allow the Tabone solvent to 
ascend. The spots produced from the L- and p-tryptophan were 
located by spraying the dried paper with Ehrlich’s reagent. The 
corresponding unsprayed areas were cut out and clipped into 
narrow strips for elution with successive 2-ml. portions of freshly 
prepared 4 per cent trichloroacetic acid solution, followed by 
centrifugation, until 10 ml. of eluate and washings had been ob- 
tained. To these 10 ml., 1 ml. of 0.1 per cent sodium nitrite 
solution was added. After 3 minutes, the mixture was incubated 
for 1 hour to destroy any contaminating kynurenine. One ml. 
of 1 per cent sodium nitrite was then added, followed in 30 
minutes by 0.5 ml. of 8 per cent ammonium sulfamate solution, 
and in 3 more minutes by 1 ml. of 0.1 per cent N-1-naphthyl- 
ethylenediamine hydrochloride solution. The purple color was 
assayed 30 minutes later at 560 my in the Coleman spectropho- 
tometer. The tryptophan content was calculated froma standard 
calibration curve. The method responded well to 5 ug. of trypto- 
phan in 13.5 ml. of solution. 

Kynurenine was estimated by a procedure similar to that de- 
scribed for tryptophan, using 0.2 ml. of medium, but in this in- 
stance irrigating for 10 to 12 hours with the acidified solvent of 
Mason and Berg (15, 16). The control spots produced with 0.05 
ml. of Lt- and p-kynurenine sulfate solutions (1 mg. per ml.) 
and the kynurenine spots produced from the incubated media 
were located by their fluorescence under ultraviolet light. The 
10 ml. of eluate obtained from each of the kynurenine spots were 
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mixed with 1 ml. of 0.1 per cent sodium nitrite solution. After 
3 minutes, excess nitrite was destroyed by the addition of 1 ml. 
of 4 per cent ammonium sulfamate. Three minutes later 1 ml. 
of 0.1 per cent N-1-naphthylethylenediamine hydrochloride so- 
lution was added to develop the color. Readings were made 
at 560 mu. Kynurenine values were calculated from the stand- 
ard kynurenine calibration curve. The sensitivity was approxi- 
mately the same as for tryptophan. 

Anthranilic acid also produces spots on paper which can be 
located by their fluorescence in ultraviolet light (15). The same 
chromatograms were used for estimating anthranilic acid as had 
been used for kynurenine. Conditions for the elution of the 
anthranilic acid spots, the diazotization, and the color develop- 
ment were the same. The amount of anthranilic acid present 
in the medium was calculated from standard calibration curves 
prepared with anthranilic acid. As little as 4 wg. in 13 ml. was 
readily measurable. 

Neither the solvent of Tabone (22) nor the acidified solvent of 
Mason and Berg (15, 16) will effectively separate indolepyruvic 
acid chromatographically from anthranilic acid. When present 
in appreciable amount, indolepyruvic acid increases the intensity 
of color developed in the assay method for anthranilic acid. 
Eluates of sections of control chromatograms of mixtures of 
indolepyruvic acid and anthranilic acid prepared with the acidi- 
fied Mason and Berg solvent, which permits marked destruction 
of the indolepyruvic acid during the irrigation, failed to show 
the interference noted in direct tests of the mixtures for anthra- 
nilic acid. Evidently the destruction of the indolepyruvic acid 
is complete enough to avoid appreciable interference. 

Xanthurenic acid was estimated by deproteinizing 1 to 2 ml. 
of the medium with 4 per cent trichloroacetic acid solution, and 
by adding 0.1 ml. of 0.425 per cent FeNH,(SO,)2 and 2 ml. of 
1 N sodium bicarbonate solution, essentially as directed by Glazer 
et al. (23). After half an hour the green color was measured at 
620 my in the Coleman spectrophotometer and the concentra- 
tion was computed from comparisons with a calibration curve 
prepared with standard solutions of xanthurenic acid. The 
method is sensitive to 15 wg. in 8 ml. Neither tryptophan nor 
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any of the other metabolites studied respond, nor do media in- 
cubated without added substrate. 

Kynurenic acid in 20 per cent trichloroacetic acid solution 
absorbs strongly at 312 mu (20), xanthurenic acid less strongly. 
Indolepyruvic acid interferes, but can be eliminated by the use 
of paper chromatograms developed with the acidified solvent 
of Mason and Berg, with which it shows an Rp value of 0.94 
versus 0.58 and 0.56 for kynurenic acid and xanthurenic acid, 
respectively. 

The same chromatographic technique was applied as for ky- 
nurenine and anthranilic acid, but 0.5 ml. of medium was applied 
to the paper and elution of the fluorescing spot was effected with 
a 20 per cent solution of trichloroacetic acid instead of 4 per 
cent. Kynurenic acid is relatively insoluble in the latter. 
Optical densities of the eluate were measured at 312 my in the 
Beckman DU spectrophotometer and the kynurenic acid content 
was calculated from a curve prepared with standard kynurenic 
acid solutions. Corrections based on the calculated interference 
of the xanthurenic acid present in the media were applied. The 
test was sensitive to 2 ug. of kynurenic acid in 10 ml. of solution. 


RESULTS AND DISCUSSION 


Tables I and II present summaries of the data obtained when 
liver and kidney slices from normal (Table I) and riboflavin-de- 
ficient (Table II) rats were incubated with tryptophan and with 
kynurenine. More kynurenine accumulated when DL- or L-tryp- 
tophan was incubated with liver slices from the riboflavin-de- 
ficient rat than when normal liver was employed. The same 
was true of kynurenic acid and anthranilic acid, whether the 
substrate was DL- or L-tryptophan or L-kynurenine. Too little 
xanthurenic acid was produced by normal liver or kidney to 
estimate, but fairly large amounts accumulated when DL- or 
L-tryptophan or t-kynurenine was incubated with these tissues 
from the riboflavin-deficient animal. Kidney tissue produced 
kynurenic acid from both p- and t-kynurenine, but not from 
tryptophan. The amount which accumulated upon incubation 
with L-kynurenine was much larger with kidney from the ribo- 
flavin-deficient animal. Neither tvpe of liver slice produced 


TABLE I 


Production of metabolites upon incubation of tryptophan and kynurenine 
with liver and kidney slices from normal rats 


The following abbreviations are used in this and the succeeding tables: tryptophan, T; kynurenine, K; indolepyruvic acid, IPA; 


kynurenic acid, KA; anthranilic acid, AA; xanthurenie acid, XA. 


| Liver slice testst | Kidney slice testst 
No. of rats | Substrate* | Metabolites found | Metabolites found 
| Substrate recovered | non 
| | IPA K KA AA IPA KA 
ug. | us. uk. us. us. 
5 ee. 477 + 62 404+ 5 0 m+ 4 0 102 + 19 730 + 42 0 
5 pL-T | 28 +29 | 4849 i 41 + 10 180 + 17 552 + 31 0 
5 | L-T | 3494+ 28 | 724 15 | 161 + 15 66 + 8 65 + 10 480 + 17 164 + 41 0 
0 0 0 352 + 41 0 96 + 15 
5 aa | 336 + 24 | 0 42 + 5 96 + 9 168 + 10 0 174 + 17 


* In each test 1000 ug. 
hours in an atmosphere of Oz. 
coveries and assays are recorded as K. 


t No XA production was observed by either liver or kidney slices from the normal, well fed rat, with any of the substrates. 


of substrate in 3 ml. of Krebs-Henseleit buffer, pH 7.4, were incubated with 400 mg. of tissue slices for 3 
The K used as substrate was the hydrated sulfate; the 1000 ug. were equivalent to 643 ug. of K. 


Re- 


Kid- 


ney slices failed to produce K from T, or to yield AA from any of the substrates. 


t+ = Standard deviation of the mean. 


_ slices from the riboflavin-deficient rat. 
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TaBLeE II 
Production of metabolites upon incubation of tryptophan and kynurenine with liver 
and kidney slices from riboflavin-deficient rats 
Liver slice testst Kidney slice testst 
No. of rats | Substrate* Metabolites: found Metabolites found 
Substrate Substrate 
recovered recovered 
K KA XA AA IPA KA 
10 p-T 322 + 23f 0 0 0 188 + 37 | 255 + 36 0 
17 pL-T 240 + 31 | 109 + 20; 702 16; 58+ 29) 89412; 378 + 22 140 + 24 0 28 + ll 
11 L-T 202 + 63 | 201 + 17 | 108 + 27 | 108 + 21 | 124 + 20; 694 + 45 49 + 16 0 58 + 13 
8 p-K 470 + 46 0 0 329 + 21 0 108 + 17 
8 L-K 177 + 39 744+ 31) 96 + 22) 185 + 46 202 + 45 0 354 + 21 | 43 + 19 


* For abbreviations used and amounts of substrate and conditions of tests, see Table I. 
+ Liver slices failed to produce IPA in measurable amounts from T. Kidney slices failed to produce K from T or to yield AA from 


any substrate. 
t+ = Standard deviation of the mean. 


either kynurenic acid or anthranilic acid from p-kynurenine, 
but the normal liver slice formed a small amount of kynurenic 
acid from p-tryptophan. 

The results obtained with L-tryptophan correlate reasonably 
well with the reported increases in urinary output of kynurenine, 
xanthurenic acid, and kynurenic acid (1, 3) and in the urinary 
excretion of anthranilic acid (2, 3) in the riboflavin-deficient 
rat after the administration of L-tryptophan. The greater 
production of xanthurenic acid from L-kynurenine in tissue slices 
from the riboflavin-deficient rat fails to agree with the small 
excretion reported to occur in the deficient animal after the in- 
jection of t-kynurenine (4). Failure of the norma! liver or kidney 
slice to produce xanthurenic acid from L-tryptophan and L-ky- 
nurenine is in accord with previous observations (15). If 
xanthurenic acid derivatives were produced in our incubation 
mixtures from L-kynurenine (15), they did not respond to the 
colorimetric assay for xanthurenic acid. Incidentally, Price 
and Dodge (24) have noted that the original neutral solvent 
system of Mason and Berg (15) gives the same FR, for xanthurenic 
acid as for kynurenic acid. They identified the more brilliant 
chromatographic spot which Mason and Berg had mistakenly 
associated with free xanthurenic acid as the somewhat more 
rapidly migrating 8-methy] ether of xanthurenic acid (24). 

The normal liver slice yielded considerably more indolepyruvic 
acid (about 80 per cent more) from L-tryptophan than from 
D-tryptophan. None was found in analogous tests with liver 
The accumulation of 
indolepyruvic acid in media which had been incubated with 
normal kidney slices was markedly greater with p-tryptophan 
than with the L-isomer. Although production persisted in 
kidney slices from rats that were riboflavin-deficient, the ac- 
cumulation was only a third or fourth as great. 

The formation of indolepyruvic acid from L-tryptophan could 
presumably have been effected either by transaminase or by the 
riboflavin phosphate-containing L-amino acid oxidase. More 
active preparations of L-amino acid oxidase have been obtained 
from rat kidney than from rat liver (25). Although more flavin 
adenine dinucleotide is present per unit weight in rat liver than 
in rat kidney (26), the p-amino acid oxidase activity of the former 
is only an eighth as great, or even less (27). No other enzyme 
has been found to convert D-amino acids to the corresponding 
a-keto acids in animal tissue. 


TaB_e III 
Influence of riboflavin upon conversion of D-, DL-, and L-tryptophan 
to indolepyruvic acid by liver and kidney slices 
from riboflavin-deficient rats 


Indole pyruvic acid production 


N e f T t e 
Liver slices Kidney slices 
5 D 0 | 63 + 12f | 294 + 22 | 798 + 37 
5 DL 0 | 497 133 + 19 | 448 + 58 
5 L 0 | Bee 48 + 8 198 + 14 


* 1000 ug. of substrate in 3 ml. of Krebs-Henseleit buffer at pH 
7.4, incubated with 400 mg. of tissue slices for 3 hours at 37° in an 
O, atmosphere. 

+ + = Standard deviation of the mean. 


Table III shows that the capacity of liver and kidney slices 
from the riboflavin-deficient rat to produce indolepyruvic acid 
could be restored, apparently fully, by the addition of riboflavin 
to the media. 

Table IV presents evidence that indolepyruvic acid undergoes 
appreciable conversion to tryptophan upon incubation with 
either the liver or the kidney slice, and that incubation with the 
former also yields kynurenine. The riboflavin deficiency did 
not enhance significantly either the tryptophan or the kynurenine 
accumulation, but considerably less indolepyruvie acid was 
recovered from the media incubated with tissue from the ribo- 
flavin-deficient animal. The data substantiate the assumption 
that indolepyruvic acid can be utilized for growth in the rat 
(28, 9) fed no tryptophan because it is converted into L-trypto- 
phan; hence also the assumption that p-tryptophan becomes 
available for growth (29, 30) by inversion through indolepyruvic 
acid. Evidence that rat kidney does convert p-tryptophan to 
L-tryptophan has been presented by Kotake and Goto (31). 

Inversion of b-tryptophan by the normal liver slice could 
conceivably account also for its conversion to kynurenic acid 
(cf. Table 1). Failure to detect kynurenine and anthranilic 
acid may reflect a smaller sensitivity of the tests for these pro- 
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Tryptophan Metabolism in Riboflavin Deficiency 


TaBLeE IV 


Vol. 


Production of tryptophan and kynurenine upon incubation of indolepyruvic acid with liver 
and kidney slices from normal and riboflavin-deficient rats* 


234, No. 4 


Liver slice testst Kidney slice tests 
T 
IPA T K IPA T K 
recovered found found recovered found found 
peeees 10)... as eee ce 583 + 40f 252 + 37 58 + 28 652 + 26 179 + 13 0 
Riboflavin-deficient (9).. 135 + 13 263 + 37 69 + 16 267 + 21 190 + 19 0 


* For abbreviations used see Table I. 1000 wg. of IPA incubated with 400 mg. of tissue slices in 3 ml. of Krebs-Henseleit buffer, 


pH 7.4 at 37° for 3 hours in an O2 atmosphere. 


t Weak spots of XA, KA, and AA were detected on some chromatogrims. 
Eluates of the AA spots vielded traces too small for accurate estimation. 


medium remained for suitable analysis. 
¢~+ = Standard deviation of the mean. 


ducts, but, more likely, differences in relative rates of the various 
reactions involved in the conversion of D-tryptophan to indole- 
pyruvic acid, to L-tryptophan, to L-kynurenine, and thence to 
kynurenic acid or anthranilic acid. Weak spots for kynurenine 
were detected on the chromatograms in a few instances, in two 
of which 4 wg. were measured. In four tests, definite anthranilic 
acid spots were revealed by ultraviolet fluorescence, but the 
quantities present were too small for estimation. 

The greater accumulation of indolepyruvic acid in the trypto- 
phan tests with normal liver was inadequate to account fully for 
the smaller accumulacion of the other metabolites noted in these 
media. The possibility of metabolism by other routes is, of 
course, not precluded. The considerably larger accumulation 
of indolepyruvic acid also in L-tryptophan media incubated with 
kidney slices from the normal as compared with the riboflavin- 
deficient rat leads one to suggest that its production in the normal 
intact rat may simply impair the efficiency of conversion of 
L-tryptophan to kynurenine, kynurenic acid, and anthranilic 
acid; may promote metabolism by routes available only to indole- 
pyruvic acid; or may lead to the elimination of indolepyruvic 
acid in the urine. 

In no instance did the metabolites produced and the substrates 
recovered in the experiments recorded in any of the tables fully 
account for the substrates employed. Some destruction of sub- 
strate could be shown to occur during incubation in the absence 
of the tissue slices, but this did not exceed 10 per cent, hence was 
far too small to account for the incomplete recovery. 

Mason observed that, in a nitrogen atmosphere, homogenates 
of normal kidney catalyzed the conversion of t-kynurenine to 
kynurenic acid, presumbly by transamination, but yielded very 
much less kynurenic acid from p-kynurenine under analogous 
conditions (32). Conversion of D-kynurenine to o0-amino- 
benzoylpyruvic acid by p-amino acid oxidase might well have 
accounted for the greater production of kynurenic acid by the 
kidney slice in our tests in which an oxygen atmosphere was 
employed. The yield of kynurenic acid from p-kynurenine was 
not measurable with liver tissue (Table I) in which p-amino acid 
oxidase is much less active, nor was it increased appreciably 
with kidney from the riboflavin-deficient rat (Table II). Analo- 
gous tests with L-kynurenine showed an appreciable accumulation 
of kynurenic acid, even with liver tissue, and an approximately 
doubled yield with liver and kidney from the riboflavin-deficient 
animal. 


XA and KA were not estimated because insufficient 


The optimal pH for p-amino acid oxidase has been reported to 
be 8.2 to 8.4 (22), but at pH 8.4 flavin adenine dinucleotide 
undergoes more rapid degradation than at pH 7.3 (33). Ina 
series of tests made with normal kidney slices at pH 8.2, in which 
sodium pyrophosphate was used as the buffer (12) but all other 
conditions were the same as in the studies recorded in Table I, 
the indolepyruvic acid found after incubation with tissue from 
6 rats was only 460 + 35 ug. with the p-tryptophan, 196 + 28 
ug. with pi-tryptophan, and 52 + 15 ug. with L-tryptophan. 
Corresponding figures with kidney from 9 riboflavin-deficient 
rats were also lower: 102 + 31, 68 + 22, and 0 ug., respectively. 


SUMMARY 


The influence of riboflavin deficiency upon the metabolism of 
tryptophan was studied by comparing metabolite accumulation 
in media incubated at pH 7.4 with liver and kidney slices from 
the deficient rat with the accumulation when tissues from the 
normal animal were employed. 

Indolepyruvic acid accumulation was considerably less in the 
tests with liver and kidney slices from the riboflavin-deficient 
rat. Addition of riboflavin to the media increased the indole- 
pyruvic acid production, but the deficiency exerted little, if any, 
influence upon the capacities of the liver and kidney slices to 
convert indolepyruvic acid to tryptophan, as judged by the ac- 
cumulation of the latter in the media. 

The accumulation of kynurenine, kynurenic acid, and an- 
thranilic acid was greater in the L-tryptophan media incubated 
with liver slices from the riboflavin-deficient animal. The de- 
ficiency stimulated the production of xanthurenic acid by both 
the liver and the kidney slice from L-tryptophan and L-kynuren- 
ine. It increased the production of kynurenic acid and anthra- 
nilic acid from L-kynurenine. 

No kynurenic acid or anthranilic acid was produced by either 
the normal or deficient liver from p-kynurenine. A small amount 
of kynurenic acid was formed in the normal liver from p-trypto- 
phan, possibly after its initial inversion. No kynurenic acid 
was produced from tryptophan by either the normal or the de- 
ficient kidney slice. It was produced by both from p- and L-ky- 
nurenine. Riboflavin deficiency greatly increased its production 
by the kidney slice from L-kynurenine, but only slightly, if even 
significantly, its production from p-kynurenine. 

Correlation of the results obtained in these tests with the 
urinary output of tryptophan metabolites in the intact. ribo- 
flavin-deficient animal is discussed. 
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The Source and State of the Hydroxylysine of Collagen 


II. FAILURE OF FREE HYDROXYLYSINE TO SERVE AS A SOURCE OF THE 
HYDROXYLYSINE OR LYSINE OF COLLAGEN* 


F. Marotr S1nex,t Donatp D. Van SLYKE, AND Davip R. CHRISTMAN 


From the Medical Research Center and the Chemistry Department, Brookhaven National Laboratory, Upton, New York 


(Received for publication, December 4, 1958) 


The amino acid 5-hydroxylysine, first isolated from gelatin (2),} 
has been found absent in all types of proteins other than collagen 
that have been examined (3). It is not an essential amino acid 
for animal nutrition (4), and hence must be formed from other 
material in the animal body. 

Previous papers from this laboratory (5, 6) have shown that 
lysine is the chief source of the hydroxylysine incorporated into 
collagen. When uniformly C'*-labeled lysine was administered 
to young rats, either with food (5) or by injection (6), both lysine 
and hydroxylysine in the skin collagen were labeled to an approxi- 
mately equal extent, indicating that lysine serves as the chief, 
and probably only significant, source of hydroxylysine in rat skin 
collagen. The relative rates of labeling of the two amino acids 
indicated that the hydroxylation of lysine to form hydroxylysine 
occurs simultaneously, or nearly so, with incorporation into the 
collagen (6). The results were confirmed by Piez and Likins (7), 
with regard to rat collagen of skin, tail, bone, and dentin, and 
by Kao and Boucek (8) with regard to collagen formed in im- 
planted polyvinyl sponges. 

The questions remained, whether administered free hydroxy- 
lysine can either be incorporated into the hydroxylysine or 
collagen, or be dehydroxylated, by reversion of the process by 
which lysine is hydroxylated, and incorporated into the lysine 
of collagen. With regard to the latter question, the probability 
of a negative answer is indicated by a feeding experiment by 
Lindstedt (9). He found that synthetic pui-hydroxylysine (4 
allo isomer) could not replace an equimolar amount of L-lysine 
in maintaining the growth of rats. The possibility remained, 
however, that the hydroxylation of lysine might be to some extent 
reversible. 

The object of the work reported in the present paper has been 


* This research was supported by the Atomic Energy Commis- 
sion, Eli Lilly and Company, and the Massachusetts Heart As- 
sociation. The results formed part of a report at the 1957 meeting 
of the Federation of American Societies of Experimental Biology 
(1). 

t Present address, Boston University School of Medicine, Bos- 
ton, Massachusetts. | 

! We take occasion to correct a figure in the paper (2) in which 
the isolation of hydroxylysine in crystalline form, as picrate and 
monochloride, was first reported. It was stated that hydroxyly- 
sine when analyzed for amino nitrogen by the nitrous acid method 
(3) reacted with 95 per cent of its nitrogen in 3 minutes at 25°, 
under conditions that give 100 per cent reaction with the a amino 
groups of the amino acids. Van Slyke and Plazin (unpublished 
results) find that hydroxylysine entirely free from lysine reacts 
with 100 per cent of its nitrogen in 3 minutes at 25°, the € amino 
nitrogen reacting as rapidly as the a-nitrogen. 


to ascertain by isotope analysis whether hydroxylysine admin- 
istered either orally or by injection to growing rats is incorporated 
into either the hydroxylysine or the lysine of collagen. Tritium- 
labeled hydroxylysine has been administered to young rats and 
the extent of incorporation of the label into the lysine and hydroxy- 
lysine of the skin collagen has been measured. The amount of 
tritium found in either the hydroxylysine or lysine of the collagen 
was so slight that it does not appear that free hydroxylysine is 


to a significant extent incorporated into collagen as either hydroxy- | 


lysine or lysine. 

The results are consistent with the deduction of Piez and 
Likins (7), who observed that the C content of the hydroxy- 
lysine isolated from collagen after injection of C'*-labeled lysine 
into rats was not altered by accompanying injections of unlabeled 
hydroxylysine. Piez and Likins reasoned that “if preformed, 
unbound hydroxylysine can be incorporated into collagen, the 
presence of large amounts of the free amino acid would decrease 
the contribution of lysine-C™ to collagen hydroxylysine.”’ 


EXPERIMENTAL 


Two experiments were carried out. In each experiment 
tritium-labeled hydroxylysine was given to four young rats, and 
the relative extents of incorporation of labeled material into the 
lysine and hydroxylysine of the skin collagen were measured. 

In Experiment I (Table I) the labeled hydroxylysine was ad- 
ministered to rats of 50 to 60 gm. weight by addition to the daily 
diet for 2 weeks before the rats were killed. The hydroxylysine 
was a synthetic preparation labeled with tritium attached to 
carbon 6. 

In Experiment II (Table II) the labeled hydroxylysine was 
given by a single intraperitoneal injection and the rats were killed 
4 hours later. The hydroxylysine was a preparation that had 
been tritiated by the method of Wilzbach (10), and was more 
radioactive than that used in Experiment I. 


Experiment I 


Preparation of Hydroxylysine Labeled with Tritium Attached to 
C-6—v.-Hydroxylysine was prepared by the method of Touster 
(11) as modified by Lindstedt (12). However, instead of using 
KCN, as was done by Lindstedt to label the carbon, we em- 
ployed tritium gas for reduction of the terminal —CH(OH)-CN 
group to —CH(OH)—CH,' (NH:). Tritium is introduced by 
the reduction into the —CH:-NHp, group and, by exchange, into 
the OH group, but in the NH, and OH groups is replaced by H! 
in subsequent operations in water solution, leaving H? stably 
bound only in the CH, group. The hydroxylysine obtained 
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was presumably a mixture of equal amounts of pL-n- and DL- 
allohydroxylysine. The specific activity of the preparation was 
43.8 pe. per mmole. 

Treatment of Rats—A rat, weighing 61 gm. at the start, con- 
sumed in 2 weeks 250 gm. of the “‘basal’’ zein diet of Henderson 
et al. (13), referred to by them as supplement B, to which 2.5 gm. 
of unlabeled lysine and 0.134 gm. of tritium-labeled synthetic 
pL-hydroxylysine hydrochloride were added. On this diet, the 
rat grew 43 gm. in the 2 weeks. The approximate amount of 
hydroxylysine incorporated is estimated by assuming that 35 
per cent of the growth was dry solids, of the solids 4 was protein, 
of the protein 4 was collagen, and of the collagen 0.01 was L- 
hydroxylysine. The incorporated t-hydroxylysine thus esti- 
mated is 17 mg. The amount of L-n-hydroxylysine in the food 
consumed was 33.8 mg. 

The conditions of the experiment were similar to those of our 
previous experiments (5), in which labeled lysine was fed, except 
that in the present experiment it is the hydroxylysine that is 
labeled. 

Preparation and Analysis of Skin Collagen—The preparation 
of gelatin from skin collagen previously described (6) was fol- 
lowed, with precipitation of nongelatin proteins from the gelatin 
solution by trichloroacetic acid. The gelatin was not precipi- 
tated with acetone. Hydrolysis of gelatin and precipitation of 
the basic amino acids were carried out as previously described 
(5). The basic amino acids were chromatographed on Dowex 50 
in 0.1 M citrate at pH 5. This procedure, as shown by Hamilton 
(14) gives good separation of lysine and hydroxylysine from each 
other and from histidine and arginine. The solutions of lysine 
and hydroxylysine were desalted with Dowex 50 as previously 
described (6) and eluted in 6 N HCl, which was removed by 
concentration in a vacuum and drying over KOH. The dihydro- 
chlorides of lysine and hydroxylysine thus obtained were freed of 
chloride by treatment with silver sulfate, followed by barium 
hydroxide to remove SO,, and by CO; to remove barium. To the 
solution of each amino acid thus obtained exactly enough picric 
acid was added to form the monopicrate, which was crystallized 
by concentrating the solution. Samples of the picrates were 
analyzed for tritium by the method of Christman (15), in which 
the hydrogen is set free by heating with metallic zine and is 
counted in the gas counter of Bernstein and Ballantine (16). 


Experiment II 


Preparation of Tritium-Labeled Hydroxylysine—In order to 
obtain hydroxyvlysine of greater specific activity for the injection 
experiment synthetic pL-hydroxylysine was treated with tritium 
gas according to the procedure of Wilzbach (10). A gm. of pL- 
hydroxylysine was exposed to 1.2 curies of tritium gas at room 
temperature and a pressure of 0.33 atmosphere for 14 days.?__ In 
order to remove labile tritium the resulting material was dis- 
solved in 5 successive portions of 6 ml. each of distilled water, 
and each portion of water was removed by evaporation under a 
vacuum at room temperature. 

Chromatography in phosphate buffer by the procedure of 
Hamilton and Anderson (17) gave a preparation that contained 
approximately 70 per cent of pi-n-hydroxylysine and 30 per 
cent of the allo isomers. 

This material, 10 mg., was rechromatographed and the phos- 


* The preparation was carried out by Dr. Seymour Rothstein 
of the New England Nuclear Corporation, Boston, Massachusetts. 
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TABLE 


Proportions of lysine and hydrorylysine in skin collagen derived 
from labeled lysine or hydrorylysine in food 


Labeled amino acids in food Labeled amino acids in skin collagen 
S = Derived from 
clic Lt-Nor-| 3 Specific activity led amino 
2 acid in food 
Amino acid *¥ facia in| 
aci d of Lysine (c) 
immoles days pc./mmole pc./mmole % % 
pL-Hydroxy- 95.8 |0.068 14 4.10 1073 3.78 0.0042 0.0041 
lysine xX 10-3 
L-Lysinet 4.83)6.84 21 0.98 0.98 20.3 | 20.3 


* Amount of L-n-hydroxylysine is calculated as } the DL-isomer 
mixture. 
Tt The lysine data are from Sinex and Van Slyke (5). 


TABLE II 


Proportions of lysine and hydroxylysine in skin collagen derived 
from labeled amino acids intraperitoneally injected 


Labeled amino acid injected Labeled —* — in skin 
Specific 
Amino acid wee 
a y roxy-' L . roxy- L 
mmole | mmole % 
pL-Hydroxy-9.62 0.01030.00362.55 (2.40 2.63 2.50 
lysine* x 103 10-2) x 10-3 & 10-4) & 10-5 
L-Lysinef 153 (0.105 0.105 0.518 | 0.732 | 0.34 | 0.48 


* Preparation with 70 per cent pDL-n-isomer, 30 per cent DL- 
allo isomer. 
t From data on 4-hour rats of Van Slyke and Sinex (6). 


phate buffer removed according to the procedure of Mueller et al. 
(18). Isolation and counting of the sample of monopicrate 
indicated that the specific activity was 9.62 < 10° uc. per mmole 
of hydroxylysine. 

Treatment of Rats—Hydroxylysine, 6.68 mg., in four approxi- 
mately equal portions was injected intraperitoneally into four 
rats of 60 to 66 gm. weight. Since 70 per cent of the hydrox- 
ylysine in the preparation was the pL-n form, it is calculated that 
each rat received 0.59 mg. of L-n-hydroxylysine. The rats were 
killed 4 hours after the injection. 

Preparation and Analysis of Skin Collagen—The procedure was 
the same as in Experiment I, except that in Experiment II un- 
labeled pi-hydroxylysine was added to the gelatin solution to 
produce a concentration of 0.15 per cent of hydroxylysine in the 
solution before treatment of the latter with trichloroacetic acid. 
The addition was made with the thought that the free unlabeled 
hydroxylysine might displace from the gelatin any of the highly 
active tritium-labeled hydroxylysine that might have been 
adsorbed or otherwise nonspecifically bound by the collagen in 
vivo from the injected labeled hydroxylysine (however, the work 
of Cornwall and Luck (19) appearing after these experiments 
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were done indicates that addition of the amino acid before 
dialysis probably had no influence on the results). In order to 
insure complete removal of the added inactive hydroxylysine, 
the gelatin solution was dialyzed against 5 successive changes of 
distilled water instead of the 3 changes used previously (6) and 
in Experiment I. 

Preparation of the picrates of lysine and hydroxylysine from 
the hydrolyzed collagen, and determination of their activities by 
Christman’s method were as in Experiment I. 


DISCUSSION 


Results of Experiment I. Administration of Labeled 
Hydrozrylysine in Diet 


The results of feeding labeled hydroxylysine are shown in the 
upper row of figures in Table I. For comparison the results of 
feeding labeled lysine previously reported (5) are shown in the 
lower row of figures in the table. The percentages of the lysine 
and hydroxylysine residues of skin collagen derived from the 
labeled amino acids in the food are calculated as 


specific activity of amino acid isolated 
specific activity of amino acid fed 


100. 


The results show that incorporation of fed hydroxylysine into 
skin collagen was insignificant compared with incorporation of 
fed lysine. After feeding lysine the activities of both the lysine 
and the hydroxylysine of the collagen were 20.3 per cent of the 
activity of the fed lysine, whereas after feeding hydroxylysine 
the activities of both the lysine and hydroxylysine in the collagen 
were only 0.004 per cent of the activity of the fed hydroxylysine. 

The fact that after feeding labeled hydroxylysine the specific 
activities of lysine and hydroxylysine in the collagen were equal 
could be interpreted to indicate that about § of the incorporated 
hydroxylysine was reduced to lysine during the process of in- 
corporation, a reversal of the hydroxylation of lysine that was 
noted after either feeding (5) or injecting (6) labeled lysine. 
However, the results of injecting hydroxylysine in Experiment II 
do not support such an interpretation. It appears more probable 
that a small part of the fed hydroxylysine was reduced to lysine 
by bacterial action in the intestine, and that this lysine was the 
source of the small amounts of labeled lysine and hydroxylysine 
that were incorporated into the collagen. 

Correction for the effect of the greater amount of labeled 
lysine fed does not alter the significance of the difference in in- 
corporation between the two amino acids. The amount of L- 
hydroxylysine in the hydroxylysine feeding experiment was only 
zi of the amount of L-lysine in the lysine feeding experiment, 
but was equivalent, as a source of collagen hydroxylysine, to ;}, 
the amount of lysine fed, because only 3 of incorporated lysine is 
changed to hydroxylysine (5, 6). If hydroxylysine were in- 
corporated to the same extent as lysine per unit of each present, 
the percentage of labeled collagen hydroxylysine derived from 
fed hydroxylysine would therefore be ,}, the percentage derived 
from fed lysine. However, the percentage, 0.004, in the hydroxy- 
lysine feeding (upper row, Table I) is only »g455 the percentage: 
20.5, in the lysine feeding (lower row, Table I). 
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Results of Experiment II. Intraperitoneal Injection 
of Labeled Hydroxylysine 


In Table II the results of labeled hydroxylysine injection in 
Experiment II are given in the upper row of figures. In the 
lower row are given for comparison the results of a previous 
experiment (6) in which labeled lysine was injected. In both 
experiments the rats were killed 4 hours after the injections. 

The incorporation of labeled injected hydroxylysine into the 
collagen was quantitatively insignificant compared with the 
incorporation of labeled lysine. Correcting for the difference 
in amounts of labeled L-lysine and L-hydroxylysine injected, as 
in the discussion of Experiment I, one would expect the percent- 
age of collagen hydroxylysine derived from injected hydroxy- 
lysine to be ;}; as great as the percentage of collagen lysine 
derived from injected lysine, if the same proportion of injected 
hydroxylysine as of lysine were incorporated. Actually after 
injection of the labeled hydroxylysine the percentage of collagen 
hydroxylysine derived from the injected material was only ; 35, 
as great as after injection of labeled lysine. 

The results (upper row, Table II) indicate that a slight but 
measurable amount of the injected hydroxylysine was taken up 
directly by the skin collagen. This conclusion is indicated by the 
fact that the specific activity of the hydroxylysine isolated from 
the collagen was about 10 times the specific activity of the 
isolated lysine. This activity ratio excludes the possibility that 
the labeled hydroxylysine found in the collagen was formed, as 
suggested for fed hydroxylysine in Experiment I, via intestinal 
reduction to lysine and incorporation of the resultant lysine 
accompanied by its partial hydroxylation. It is possible that 
the small amount of labeled hydroxylysine found in the collagen 
was taken up by a nonspecific adsorption or combination of the 
amino acid with the collagen such as that studied in vitro by 
Cornwall and Luck (19). These authors have shown that the 
proteins, histone and insulin, in solution can form combinations 
with small amounts of phenylalanine and lysine that are not 
dissociated by precipitation and dialysis. Whatever the mecha- 
nism of the observed combination of collagen with injected 
hydroxylysine, the proportion combined is too slight to indicate 
that direct incorporation of free hydroxylysine can serve as a 
physiologically significant source of collagen hydroxylysine. 


SUMMARY 


Feeding or injecting radioactive hydroxylysine into young rats 
did not lead to the incorporation of significant amounts into the 
hydroxylysine of the skin collagen. Slight amounts of radio- 
active hydroxylysine and lysine were found in the collagen 
hydrolysates, but the amounts were so small, compared with 
those obtained after similar administration of radioactive lysine, 
that they excluded free hydroxylysine as a_ physiologically 
significant source of either hydroxylysine or lysine in the collagen. 

The results reinforce the conclusion reached by the authors 
from experiments with labeled lysine (5, 6), that the hydroxy- 
lysine of collagen in the rat originates from hydroxylation of 
lysine during formation of the collagen. 
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Respiration of brain tissue is supported equally well by glucose, 
glutamic acid, y-aminobutyric acid, and succinic semialdehyde 
in vitro (1, 2). The last three metabolites may be related in a 
common metabolic pathway involving glutamic-y-aminobutyric 
transaminase (3), glutamic decarboxylase (4), and semialdehyde 
dehydrogenase (5). There is little evidence for the occurrence 
of this pathway in mammalian tissues other than in the central 
nervous system (6). The possibility that the occurrence of 
these enzymes may relate specifically to neuronal function has 
prompted the present quantitative histochemical survey of the 
distribution of glutamic-y-aminobutyric transaminase. 


EXPERIMENTAL 


Materials and Methods 


Succinic semialdehyde was prepared from diethylformyl 
succinate (7). A sample of diethylformylsuccinate was the gift 
of Dr. E. C. Layne. 

Frozen-dried sections of various areas of the nervous system 
of the rhesus monkey were prepared according to the procedure 
of Lowry (8). Samples were dissected under a stereomicroscope 
with histological control from adjacent sections stained with 
cresyl violet. Sample weights were obtained with a quartz 
fiber balance which had a sensitivity of 1.45 wg. per mm. of de- 
flection. 

The transaminase assay was based upon the measurement of 
succinic semialdehyde produced from y-aminobutyrate during 
incubation of the enzyme. The succinic semialdehyde was 
measured fluorometrically by a procedure based on a reaction 
described by Velluz et al. (9). The specificity of this reaction 
permits the measurement of a-methylenic aldehydes in the pres- 
ence of keto-acids. The reagent, 3,5-diaminobenzoic acid, con- 
denses with a-methylenic aldehydes to form quinaldine deriva- 
tives. A specific fluorometric method for deoxyribose nucleic 
acids which is based upon the same principle has been recently 
described (10). 

Procedure for Measurement of Succinic Semialdehyde—The re- 
agent was a 0.25 m solution of 3,5-diaminobenzoic acid (Aldrich 
Chemical Company) adjusted to pH 6 with K-CO;. Equal vol- 
umes of sample and reagent were mixed and heated for 1 hour 
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in a water bath at 60°. A 1- to 5-ul. aliquot of the reaction mix. 
ture was diluted with 1.0 ml. of glass-distilled water (pH 5) and 
the fluorescence of the diluted aliquot was measured with a 
photomultiplier fluorometer (Farrand model A). Primary ex- 
citation was obtained from the 405 my Hg line (405 muy inter- 
ference filter + Corning No. 5113 glass filter) and the secondary 
emission was measured at 505 my (505 my interference filter + 
Corning No. 3387 glass filter). The fluorescence characteristics 
of the reagent and the product are shown in Fig. 1. 

With the suggested filters, the reagent blank was equivalent 
to a concentration of about 10-‘ m succinic semialdehyde in the 
original sample. Thus 10-'° moles of succinic semialdehyde 
may be measured. The reagent blank relative to sample fluo- 
rescence may be reduced about 3-fold by decreasing the reagent 
concentration to 0.1 mM. However, less than maximal fluores- 
cence is developed under these conditions. It did not seem ad- 
visable to recrystallize the reagent, since the small amount of 
dinitrobenzoate which contaminates the reagent was found to 
accelerate the rate of development of fluorescence. 

Standard solutions of succinic semialdehyde were prepared by 
refluxing 1 ml. of the diethyl ester of formylsuccinate with 10 
ml. of 0.2 N HCl for 2 hours. The stock solution so obtained 
was stable for several months when kept frozen. The concen- 
tration of succinic semialdehyde in these solutions was found to 
be 0.05 to 0.07 m by measuring the reduction of pyridine nucleo- 
tides with semialdehyde dehydrogenases obtained from monkey 
brain (5) or from Pseudomonas fluorescens (11). 

Procedure for Measurement of Glutamic-y-aminobutyric Trans- 
aminase in yg. Samples of Monkey Brain—A buffered substrate 
solution was prepared containing 0.1 M a-ketoglutaric acid and 
0.25 mM y-aminobutyric acid adjusted to pH 8.4 with NaOH. 
Samples of lyophilized tissue (3 to 15 ug. dry weight) were placed 
in 3-mm. diameter test tubes in an ice bath and 5 yl. of the buf- 
fered substrate was added to each with a micropipet (12). In- 
cubation was carried out in a water bath at 38° for 2 hours. A 
standard curve of succinic semialdehyde concentration versus 
fluorescence was obtained for each set of samples. The stock 
solution of succinic semialdehyde was diluted with the buffered 
substrate solution to concentrations of 5 to 20 « 10~‘ m just be- 
fore use. Aliquots, 5 ul., of these standards were carried through 
the procedure in the same manner as the samples. 


RESULTS 


Experiments with monkey brain homogenates were carried 
out to establish the optimal conditions for the enzyme assay (13) 
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50 5 Distribution of glutamic-y-aminobutyric transaminase 
t ry, activity in cortical structures 
B mmoles/kg./hour 
(405) | 
A 425 Occipital cortex 
©) Subjacent white........................ 2+ 1 
= Motor cortex 
oO Subjacent white........................ 4+ 1 
Hippocampus 
300 600 66 + 6 
Fig. 1. Fluorescence spectra and excitation maxima of 3,5- 150 9 
diaminobenzoic acid (A) and of the condensation product with 
succinic semialdehyde (B). The data represented in the figure Granular layer.. 4 + 10 
were obtained with an Aminco-Bowman spectrophotofluorimeter. 
TaBLeE II 
Distribution of glutamic-y-aminobutyric transaminase 


activity in subcortical structures 


RAT. MONKEY 
. 50 mmoles/kg./hour 
/ \ 
UO \ 
6 7 8 9 10 0 
uJ pH Fasciculus 0 
lOo0Fr RAT Pat od Lateral thalamic nucleus................. 53 + 5 
5 0 af Midbrain central 94 + 14 
ENZYME INCUBATION, HRS. Medial thalamic nucleus................. 1154 7 
Fic. 2. Transaminase activity as a function of pH and of incu- 
bation time at 38° in homogenates of rat and monkey brain tissues. 
Individual points on the curves are the average of triplicate sam- "terior hypothalamic nucleus... ..... 149 + 16 
ples. The determinations were carried out as indicated in the Abducens nucleus........................ 209 + 18 
text. Inferior colliculus........................ 219 + 14 
Superior colliculus, ext. and middle gray. . 276 + 7 
DORSAL Inferior olivary nucleus................. 294 4+ 7 


(Fig. 2). Under these conditions, the transamination rate in 
ra) whole monkey brain homogenate was found to be approximately 
150 mmoles per kg. per hour' in terms of protein content. 

The quantitative data describing the distribution of glutamic- 
‘y-aminobutyric are summarized in Tables I to IV. The values 
for white tracts and peripheral nervous tissue are so low as to be 
VENTR AL of doubtful significance. Transaminase activity in different 


Fic. 3. Dissection of samples from the gray matter of spinal 1 All enzyme activities are expressed in mmoles of product 
cord. Data in Table III were obtained from samples from the formed per kg. of tissue and per hour in terms of dry weight of tis- 
indicated areas. sue and at 38° unless otherwise noted. 
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TaBLeE III 


Distribution of glutamic-y-aminobutyric transaminase in gray 
matter of spinal cord 


Lumbar | Thoracic Cervical 
mmoles/kg./hour 
A* 197 + 13 223 + 8 261 + 7 
B 202 + 9 
C 246 + 20 
D 315 + 23 240 + 13 287 + 15 
* The letters refer to Fig. 3. 
TaBLe IV 


Glutamic-y-aminobutyric transaminase activity in peripheral 
elements of nervous system 


mmoles/kg./hour 


Superior cervical ganglion................... 


areas of gray matter varies over a 35-fold range from 9 mmoles 
per kg. per hour in layers 5 and 6 of occipital cortex to 315 mmoles 
per kg. per hour in the dorsal horn of lumbar spinal cord. More- 
over, within adjacent gray areas of the same morphological struc- 
ture, 6-fold variations have been found (e.g. occipital cortex). 
The higher levels of activity are found in subcortical structures 
with the highest values occurring in the midbrain, brain stem, 
and spinal cord. However, there are gray areas, such as the red 
nucleus and substantia nigra in the midbrain, which do not fit 
into this rostral-caudal gradient of activity. 


DISCUSSION 


Although only indirect evidence has been advanced to support 
neurohumoral (14, 15) or homeostatic (16) functions for y-ami- 
nobutyrate, the presence and rapid turnover of y-aminobutyrate 
in mammalian brain are conclusively established facts. The 
net result (Reaction 4) of the reactions catalyzed by glutamic 
decarboxylase, glutamic-y-aminobutyric transaminase and semi- 
aldehyde dehydrogenase reactions (Reactions 1 to 3), permits 
glutamate and y-aminobutyrate to be considered as interme- 
diates in the oxidation of a-ketoglutarate (6). 


Glutamate — y-amino butyrate + CO, (1) 
+-Aminobutyrate + a-ketoglutarate — 
glutamate + succinic semialdehyde (2) 


Succinic semialdehyde + DPN — succinate ++ DPNH (3) 
a-Ketoglutarate + DPN — succinate + CO.+ DPNH (4) 


The in vivo rate of oxygen metabolism in human brain is about 
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90 mmoles per kg. per hour (17). Since the respiratory quotient 
of brain is nearly 1.0, the oxidative decarboxylation of 30 mmoles 
per kg. per hour of a-ketoglutarate is required. Thus, on a dry 
weight basis, any reaction in this pathway must have a total 
capacity of at least 150 mmoles per kg. per hour. The highest 
value we have found in any region of monkey brain is approxi- 
mately twice this figure. 

Most enzymes of the glycolytic pathway and the tricarboxylic 
acid cycle exhibit activities in vitro which are one or two orders 
of magnitude greater than the activity required by the metabolic 
rate in vivo (18). Values which have been reported for pyruvic 
oxidase (19) and condensing enzyme (19) in vitro are much nearer 
the calculated minimum. 

It is apparent from the observed enzymatic activity that the 
glutamic-y-aminobutyric transaminase cannot function in the 
principal pathway of carbohydrate metabolism in brain as a 
whole. The possibility remains that major importance may be 
attached to this pathway as an energy source at particular cyto- 
logical loci. Although very little quantitative histological in- 
formation is available for correlation with the enzyme data, the 
following deductive correlations may be made. Any histological 
elements correlated with glutamic-y-aminobutyric transaminase 
activity must be virtually absent from white matter. The pos- 
sibilities are neuronal cell bodies, synaptic processes, Golgi type 
II neurons, and protoplasmic astrocytes. Neuronal cell bodies, 
synapses, and Golgi type II cells are all found in profusion in the 
cerebral cortex where transaminase activity is rather low. Golgi 
type II cells are few or absent from areas such as dentate nucleus 
and inferior olivary nucleus where glutamic-y-aminobutyric 
transaminase activity is high. Little basis exists for evaluation 
of the distribution of protoplasmic astrocytes since methods for 
demonstrating them are highly capricious by quantitative stand- 
ards. The granular layer of cerebellar cortex contains many 
protoplasmic astrocytes but has only moderate glutamic-y- 
aminobutyric transaminase activity. 

All of the preceding deductions assume homogeneity of the 
morphological classifications. Since none of the classifications 
account for the observed differences in the enzyme distribution, 
a biochemical heterogeneity must exist within one or more of 
these superficially similar morphological groupings. Further 
examination of these possibilities must await methods which are 
sufficiently sensitive to examine the glutamic-y-aminobutyric 
transaminase activity of the primary neurons of areas such as 
the dentate nucleus, inferior olive, and the colliculi. 


SUMMARY 


Glutamic-y-aminobutyric transaminase activity has been 
measured in a quantitative histochemical survey of the nervous 
system of the monkey. The enzyme assay procedure was based 
upon the fluorometric measurement of the condensation prod- 
uct of succinic semialdehyde with 3,5-diaminobenzoic acid. 
Conditions for the assay are described which permit measure- 
ment of activity on 3 to 15 yg. of lyophilized brain tissue. The 
enzyme was found to be largely confined to the gray matter of 
the central nervous system and, in general, to exhibit progres- 
sively increasing activity in subcortical and lower structures. 
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A distinctive pattern of glutamic-y-aminobutyric transami- 
nase activity in the nervous system has been demonstrated in 
the preceding study (1). -y-Aminobutyric acid occurs in uniquely 
high concentrations in brain tissue, and arises from the decar- 
boxylation of glutamic acid (2). In the present experiments, 
glutamic decarboxylase activity has been determined in micro- 
gram quantities of nervous tissue by a microradiometric method. 
The levels of glutamic decarboxylase and glutamic-y-amino- 
butyric transaminase have been measured in comparable _re- 
gions of the nervous system. 


EXPERIMENTAL 


Methods and Material 


The method of Passmann et al. (3) for absorbing and count- 
ing CO. by liquid scintillation spectrometry was modified for 
use with substrates of high specific activity to detect as little as 
10-" moles of CO.. The technique has been designed to permit 
the analysis of large numbers of samples with a minimum of 
manipulation. 

Apparatus and Reagents—In addition to the usual apparatus 
for quantitative histochemistry (4, 5), special reaction tubes, 
counting tubes, and a micromanipulator were used for handling 
the radioactive materials. The reaction and counting tubes 
were constructed of Pyrex tubing according to the dimensions 
indicated in the legend to Fig. 1. The polyethylene sleeves were 
cut from size 360 polyethylene tubing. A Brinkman MP-V 
micromanipulator was used to hold the reaction tube and a 
Brinkman RP-III micromanipulator was employed for holding 
the pipet in the substrate loading operation. The liquid scin- 
tillation counter was a Packard Tri-Carb model A. 

The incubation medium contained 0.1 mM L-glutamate-U-C™ 
(2.8 uc. per umole), and was purchased from Nuclear-Chicago 
Corporation. The medium was buffered with 0.1 mM potassium 
phosphate at pH 6.8 and contained 5 x 10- m pyridoxal phos- 
phate (California Biochemical Corporation). The free base of 
p - (diisobutylcresoxyethoxyethyl)dibenzylammonium chloride 
(Hyamine) was prepared according to the method of Passmann 
et al. (3). The counting fluid contained 0.05 m Hyamine, 1 per 
cent (volume for volume) methanol, 0.001 per cent (weight per 
volume) #-bis[2-(phenyloxazolyl)]-benzene and 0.4 per cent 
weight per volume 2, 5-diphenyloxazole in toluene. 

Procedure—Frozen-dried histological sections were dissected 
from the same material prepared for the study of the distribution 
of glutamic-y-aminobutyric transaminase (1). Samples weigh- 
ing between 3 to 15 ug. were carefully dissected and weighed on 


a quartz fiber balance. The samples were placed in the reac- 
tion tubes, capped with Parafilm, and stored at —20° until 
analysis. 

During the addition of reagents, the rack of samples was kept 
in an ice bath. Two ul. of a 0.3 per cent solution of bovine 
serum albumin were added to each tube. This was followed by 
the addition of 2.5 ul. of buffer-substrate solution from a straight 
tipped pipet. The latter operation was performed with both 
reaction tube and pipet controlled by micromanipulators and 
observed with a stereomicroscope to insure that the addition 
was made quantitatively into the albumin without contaminat- 
ing the wall of the reaction tube. 

After the addition of substrate, a 10- to 15-yl. droplet of 5.x 
H.SO, was placed across the lumen of the reaction tube about 
one-third down from the top (Fig. 1A). The tubes were then 
capped with Parafilm and incubated in an oven at 38° for 2 
hours. At the end of this period, 50 ul. of counting fluid were 
added to each counting tube. The Parafilm cap was removed 
from the incubation tube, and the second tube containing the 
counting mixture was sealed to the reaction tube with a poly- 
ethylene sleeve. The sleeve was bent so that the counting and 
reaction tubes were nearly side by side and then the acid droplet 
was shaken down into the reaction mixture and mixed with it. 
The tubes were placed horizontally in the extended position at 
38° (Fig. 1B) for 2 hours to allow the CO, to diffuse quantita- 
tively into the counting fluid. 

At the end of the diffusion period, the tubes were secured in 
the side-by-side position with a rubber band (Fig. 1C). A black 
paper sleeve was placed around the reaction tube to avoid pos- 
sible error which might have arisen from contamination of the 
reaction tube with phosphor. The base of the counting tube 
was then inserted into an adapter made from a rubber stopper 
and placed in the counting well of the scintillation counter. 

Blank values were obtained by carrying reaction mixtures 
without tissue through the procedure. Control tissue samples 
for checking one day’s analyses with those of another were ob- 
tained by preparing reaction tubes with equal amounts of whole 
brain homogenate and lyophilizing these homogenates in the re- 
action tubes. Triplicate control determinations were made with 
each set of analyses. The specific activity of the evolved CO, 
was calculated from that of the substrate by directly counting a 
standard dilution of the substrate. 

Protein was determined by the method of Lowry et al. (6). 

Comment on Method—The glutamic acid-C" is subject to slow 
radio-decomposition to a product that is somewhat volatile. 
This decomposition product, which is not retained on Dowex 
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50(H +), accounts for as much as 7 per cent of the total radio- 
activity in some vials. It was found that blank “CO,” values 
from the incubation media alone were slightly greater than those 
obtained in the presence of heat-inactivated brain homogenate. 
Bovine serum albumin also exerted this suppressing effect on 
blank values and was therefore included in the incubation me- 
dium. 

The rate of diffusion of CO, in the microtubes was checked 
with use of NaHC"*O; in model experiments. Diffusion was 
nearly complete in 30 minutes at 38°. 

Glutamic decarboxylase activity decreases with increasing 
incubation times in a reproducible manner (Fig. 2). All results 
are corrected to the activity at 30 minutes of incubation. 


(A) INCUBATION: 


(B) DIFFUSION: 


(C) COUNTING: 


Fic. 1. Technique for measuring enzymatically produced C'*Oz. 
(A) The reaction tube is made of Pyrex glass tubing, 4 X 35 mm. 
(B) The counting tube is connected to the reaction tube by a short 
length of polyethylene tubing during the diffusion period. The 
counting tube consists of a 4 KX 45 mm. length of Pyrex glass 
tubing which is sealed about 20 mm. from the lower end. (C) The 
tubes are shown in position for counting. 
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Fic. 2. Enzyme activity as a function of incubation time. The 
experiment was carried out as described in the text, with the ex- 
ception that the samples consisted of a 1:30 homogenate of mon- 
key brain in 0.3 per cent bovine albumin. 
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Direct counting in the volume (50 ul.) of phosphor in the 
microtubes was compared with counting in the standard 15-ml. 
glass vials with palmitic acid-C™. In contrast to counting in 
the standard vials, the phenyloxazolylbenzene was found mark- 
edly to increase the efficiency in the microtubes. Approximately 
the same counting efficiency, with no significant increase in back- 
ground, was achieved with the microtubes at a slightly higher 
phototube voltage than was used with the 15-ml. vials. 


RESULTS 


The decarboxylase activity was examined in homogenates of 
grossly dissected areas of the monkey central nervous system 
(Table 1). The highest activity was found in the hypothalamus 
and mesencephalon. The spinal cord and brain stem were 
markedly less active. None of the white tracts of the spinal 


TABLE I 


Distribution of glutamic decarboxylase in gross regions 
of central nervous system 


Mmoles/Kg./hour 
(protein) * 

S4 
70 

60 
Lumbar spinal cord..................... 15 


* The figures are average values obtained from the analysis of 
triplicate aliquots of homogenates prepared from a single mon- 
key brain. Values are given as mmoles of glutamic acid decar- 
boxylated per kg. of protein per hour. 


TaBLe II 
Glutamic decarborylase in monkey spinal cord 
Enzyme activity is reported in mmoles per kg. dry weight and 
per hour at 38°. The standard error of the mean is calculated 
from 3 to 6 samples from a single animal. The regions of the 
spinal gray matter, A, B, C, and D, are indicated in Fig. 3 of the 
preceding paper (1). 


Mmoles/kg./hour T/D* 
Lumbar gray matter 
A. 6.8 + 3.1 29 
Substantia gelatinosa...._. 19.9 + 1.7 
Nucleus proprius dorsalis. . 20.2 + 6.1 
Lateral pyramidal tract....... 0 
Dorsal ganglion. . 1.6 + 1.6 
Superior cervical ganglion. 1.2+ 1.0 
Adrenal medulla.................... 1.8 + 0.6 


* The observed ratio of glutamic-y-aminobutyric transaminase 
activity to glutamic decarboxylase activity. 
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TaB_e III 
Glutamic decarborylase in cortical structures 
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cord which were examined, the spinal nerve roots, nor the dorsal] 
ganglia possessed appreciable activity (Table II). In the gray 
matter of the spinal cord, a marked dorsoventral gradient oc- 


_— — curred, the enzymatic activity of the dorsal horn being among 
acct \ the higher values found in the central nervous system. 
53.9 + 11.0 2.8 In the cerebellum and hip the different histological 
Gielen fever..................-. 46.44 2.1 1.6 subdivisions exhibited rather similar activities. However, in 
Hippocampus the visual cortex, a definite maximum is apparent in layers 2 
32.94 4.3 2.1 Gray matter throughout the brain exhibited a wide range of 
25.0 + 6.7 2.6 decarboxylase activities; the highest value of any region was 
Molecularis...................--., 39.9 & 2.2 2.6 found in the substantia nigra (Table IV). The superior cervical 
Occipital cortex ganglion and adrenal medulla had very low activity. 
13.34 3.8 The distribution of glutamic decarboxylase exhibits both simi- 
0 larities to and differences from that of glutamic-y-aminobutyric 
transaminase. Both enzymes are seen to be confined essentially 
* See Table II. to the gray matter of the central nervous system. In spinal 
t Only two samples were analyzed. gray matter, both enzymes exhibit a ventral-dorsal gradient. 
However, unlike the transaminase, no rostral-caudal gradient is 
evident in decarboxylase activity. Rather, distinctively high 
values were found in cerebral cortex, cerebellar cortex,! and the 
substantia nigra. The ratio of transaminase to decarboxylase 
activity was greater than | in all the areas examined (Tables 
II-IV). The variation in this ratio is marked, and it is possible 
Tape IV that the local steady-state concentrations of y-aminobutyrate 
Glutamic decarborylase in subcortical structures mignt be correlated with these ratios. ‘This observation is per- 
; : ticularly interesting in view of the association of altered levels 
Mmoles/kg./hour T/D* of y-aminobutyrate with the production of convulsion by hydra- 
zides (7). If local concentrations of y-aminobutyrate are the 
Substantia nigra (z. reticularis)..... 68.4 + 14.1 1.4 result of the steady state governed by transamination and de- 
Substantia nigra (z. compacta)...... 65.8 + 12.4 carboxylation, it is probable, from the values found, that glu- 
Reticular formation. kr 3.5 tamic decarboxylase would be the rate-limiting reaction. Sub- 
Red | 3 16.1 48 function for ‘y-aminobutyrate in cerebral function rather than 
Midbrain central eray (lateral)... 156+ 03 6.8 a neurohumoral function in which local concentration would be 
Anterior thalamic nucleus........... 144.8+ 2.1 10 regulated by storage and release mechanisms. 
Globus pallidus..................... 14.34 7 3.6 
Midbrain central gray (medial)...... 10.9+ 2.8 7.3 WURARE 
Lateral thalamic nucleus........... 83+ 2.3 6.4 A quantitative histochemical survey of glutamic decarboxy- 
Abducens nucleus . 0.9 27 lase activity in the nervous system of the monkey has been made 
Inferior olivary I ess beacons 5.7 + 0.2 52 by means of a microradiometric procedure. The histochemical 
data are compared with similar data for the distribution of glu- 
Posterior pituitary.................. 154 0.7 tamic~y-aminobuty hes transaminase . The possible relationship 
Se ene 0 between the relative activities of the transaminase and the decar- 
boxylase and the local steady-state concentration of y-amino- 
* See Table II. butyric acid is considered. 
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Effect of Hyperthyroidism on Liver Pyridine 
Nucleotide Synthesis* 
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The concentration of pyridine nucleotides in the liver of the 
hyperthyroid rat is low (1-4). Whether this is a result of de- 
creased synthesis, increased destruction, or both, is not known. 
Several groups of investigators have shown that when the nor- 
mal rat or the normal mouse is given a single dose of nicotinamide 
the concentration of pyridine nucleotides in the liver rises rapidly 
for a few hours and then falls to within the normal range within 
24 hours (5-7). This procedure which should give a measure of 
the capacity of the rat to synthesize liver pyridine nucleotides, 
has been used in the present investigation to study the rate and 
extent of synthesis of pyridine nucleotides in the liver of the 
hyperthyroid rat, the hyperthyroid mouse and the rat treated 
with 2,4-dinitrophenol. 


EXPERIMENTAL 


Male weapling white rats,' weighing 40 to 50 gm., and male 
weanling white mice,’ weighing 9 to 11 gm., were used in these 
experiments. All animals were housed in suspended, screen- 
bottom cages and were fed ad libitum. 

The diets used in these studies contained generous amounts of 
all known essential nutrients. The diets contained 26.3 per cent 
of casein, 5 per cent of corn oil, 5 per cent of salts, a complete 
vitamin mixture, and sucrose. The exact compositions of the 
diets have been described (8). 

Rats were made hyperthyroid by including 0.4 per cent of 
iodinated casein’ in their diets. After the rats had been fed for 
19 to 20 days on the experimental diets, pyridine nucleotide 
svnthesis was studied in vivo. All mice were fed the casein basal 
diet for 4 days to allow them to adjust to a purified diet; then, 
they were fed either the casein basal diet or the casein diet con- 
taining 0.4 per cent of iodinated casein for 14 additional days, 
after which pyridine nucleotide synthesis was studied in vivo. 

For the experiments on the effect of dinitrophenol, rats were 
fed the casein basal diet and 2,4-dinitrophenol was administered 
by intraperitoneal injection as follows. Doses of 2 mg. per 100 
gm. of body weight were given twice daily for 8 days; then, doses 
of 3 mg. per 100 gm. of body weight were given twice daily for 
the next 9 days. Although Tainter and Cutting (9) found that 


* Published with the approval of the Director of the Wisconsin 
Agricultural Experiment Station. Supported in part by a grant 
from the National Livestock and Meat Board, Chicago, Illinois. 
Crystalline vitamins were generously provided by Merck, Sharp 
and Dohme Research Laboratories, Rahway, New Jersey. 

+ Present address, Central College, Pella, Iowa. 

‘ Obtained from the Holtzman Company, Madison, Wisconsin. 

? Obtained from the Dan Rolfsmeyer Company, Madison, Wis- 
consin. 

* Protamone, Cerophy! Laboratories, Kansas City, Missouri. 


the LD» for 2,4-dinitrophenol in rats was 2.5 mg. per 100 gm. 
of body weight, very few of the rats injected with dinitrophenol 
died during the present experiments. 

Pyridine nucleotide synthesis was studied as follows. A single 
dose of 100 mg. of nicotinamide per 100 gm. of body weight was 
injected intraperitoneally. An equivalent volume of 0.9 per cent 
sodium chloride solution was injected into control animals. 
Food cups were removed from the cages after the animals had 
been injected ; however, results obtained in a series of experiments 
not reported, in which the animals were allowed to eat after the 
nicotinamide or sodium chloride injection, indicated that this 
procedure was without effect on pyridine nucleotide synthesis. 
In the dinitrophenol studies, either nicotinamide or sodium 
chloride solution was injected 2 hours after the final injection of 
2,4-dinitrophenol on the 17th day. Liver pyridine nucleotide 
concentrations were determined by the method of Feigelson et al. 
(10). This method of analysis does not distinguish between DPN 
and TPN but rather measures their sum. 


RESULTS 


The effect of hyperthyroidism on liver pyridine nucleotide ac- 
cumulation following the administration of nicotinamide is shown 
in Fig. 1. Groups of rats were killed at the times indicated after 
a single injection of either nicotinamide or sodium chloride solu- 
tion, and the concentration of pyridine nucleotides in each liver 
was determined. Each point on the curves represents the mean 
of the values for 5 to 8 rats. 

Average initial concentrations of pyridine nucleotides in the 
liver of the hyperthyroid and the normal rat were 760 and 960 
ug. per gm. of fresh liver, respectively. The concentration rose 
rapidly in both the normal and the hyperthyroid rat following 
the injection of nicotinamide and reached a maximum in ap- 
proximately 4 hours. Although the concentration of pyridine 
nucleotides in the liver of the hyperthyroid rat was initially lower, 
the rate of synthesis during the first 2 hours following the injec- 
tion was similar to that observed in the normal rat. After 2 
hours there was little additional synthesis of pyridine nucleo- 
tides in the liver of the hyperthyroid rat, but in the normal rat 
the rapid rate of synthesis continued until the maximal pyridine 
nucleotide concentration was reached in 4 hours. At this time 
there was a marked difference between the liver pyridine nucleo- 
tide concentration of the hyperthyroid rat and that of the nor- 
mal rat. 

After 4 hours, there was a gradual decrease in pyridine nucleo- 
tide concentration, the rate of decrease being similar in both the 
hyperthyroid and the normal rat. The injection of sodium 
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Fic. 1. Liver pyridine nucleotide concentration in hyperthy- 
roid and normal rats after a single injection of nicotinamide or 
sodium chloride. Rats were injected intraperitoneally with 100 
mg. of nicotinamide per 100 gm. of body weight or an equivalent 
volume of sodium chloride solution. At each of the times indi- 
cated, 5 to 8 rats were killed and their liver pyridine nucleotide 
concentrations were determined. @——@, normal rats injected 
with nicotinamide; O——O, hyperthyroid rats injected with 
nicotinamide; @----- @, normal rats injected with sodium chlo- 
ride; O----- O, hyperthyroid rats injected with sodium chloride. 
PN, pyridine nucleotide. 


TaBLeE I 


Liver pyridine nucleotide concentration of hyperthyroid mice 12 
hours after nicotinamide or sodium chloride administration 


Mice Total pyridine 
Group Treatment per nucleotide per 
group | gm. fresh liver 
1 
Normal mice.......... Sodium chloride 9 699 + 16* 
injected 
Normal mice.......... Nicotinamidein- | 10 | 3260 + 194 
jected 
2 
Hyperthyroid mice....| Sodium chloride 5 633 + 18 
injected 
Hyperthyroid mice....| Nicotinamide in- 4 | 1376 + 192 
5 jected 


* Mean + standard error of the mean. 


chloride solution caused no change in the liver pyridine nucleotide 
concentration of either the hyperthyroid or the normal rat. 

The effect of an injection of nicotinamide on the concentration 
of pyridine nucleotides in the liver is much greater in the mouse 
than in the rat (7). Since, in the rat, hyperthyroidism markedly 
decreased liver pyridine nucleotide accumulation 4 to 16 hours 
after an injection of nicotinamide, the effect of hyperthyroidism 
on liver pyridine nucleotide synthesis in the mouse was also 
determined. Normal and hyperthyroid mice were injected with 
either 100 mg. of nicotinamide per 100 gm. of body weight or 
with an equivalent volume of sodium chloride solution. They 
were killed 12 hours later, and their liver pyridine nucleotide 
concentrations were determined. 

The results of this experiment (Table I) show that the con- 
centration of liver pyridine nucleotides was much lower in the 
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mouse (699 yg. per gm. of fresh liver) than in the rat (960 yg. 
per gm. of fresh liver), although both species of animals received 
the same diet. Hyperthyroidism caused the concentration of 
pyridine nucleotides in the liver of the mouse to fall, but not to 
the same extent, either on an absolute or on a percentage basis, 
as it did in the rat. Also, the accumulation of liver pyridine 
nucleotides was low in the hyperthyroid mouse 12 hours after 
an injection of nicotinamide. It thus seems quite likely that 
the effect of hyperthyroidism on pyridine nucleotide metabolism 
is similar in the rat and in the mouse. 

Thyroxine causes uncoupling of oxidative phosphorylation, 
both in vitro and in vivo (11, 12). This may be an indirect effect 
(13), but since ATP is required in the biosynthesis of DPN from 
nicotinamide (14, 15), a decrease in the amount of ATP available 
as a result of uncoupling could cause a decrease in the rate of 
pyridine nucleotide synthesis. Of a number of other substances 
which cause uncoupling of oxidative phosphorylation in vitro, 
2,4-dinitrophenol is perhaps the best known. Dianzani and 
Scuro (16) have reported that 2,4-dinitrophenol will cause un- 
coupling in vivo but Parker (17) could not show such an effect, 
In order to determine whether 2,4-dinitrophenol might also in- 
hibit liver pyridine nucleotide synthesis, the extent of pyridine 
nucleotide synthesis in rats which had been injected with 2,4- 
dinitrophenol was studied. Severe fever and an increased met- 
abolic rate are seen shortly after the administration of 2,4-di- 
nitrophenol but the rat appears quite normal 6 to 8 hours later 
(18); therefore, nicotinamide was injected 2 hours after the final 
injection of 2,4-dinitrophenol in the first experiment. 

The results of this experiment are given in Fig. 2. Each point 
on the curves represents the mean of the liver pyridine nucleo- 
tide values for 5 to 10 rats killed at the times indicated after a 
single injection of nicotinamide or sodium chloride solution. 
Treatment of the rat with 2,4-dinitrophenol did not affect the 
“resting”’ concentration of pyridine nucleotides in the liver (960 
ug. per gm. of fresh liver). Also, 4 hours after these rats had been 
given a single nicotinamide injection the liver pyridine nucleotide 
concentration was 2260 ug. per gm. of fresh liver. Thus, since 
both the rate of synthesis and the magnitude of the pyridine 
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Fic. 2. Liver pyridine nucleotide concentration in dinitro- 
phenol-treated rats after a single injection of nicotinamide or so- 
dium chloride. Rats were injected intraperitoneally with 100 mg. 
of nicotinamide per 100 gm. of body weight or an equivalent vol- 
ume of sodium chloride solution. At each of the times indicated, 
5 to 10 rats were killed and their liver pyridine nucleotide concen- 
trations were determined. @——®@, injected with nicotinamide; 
@----- @injected with sodium chloride. PN, pyridine nucleotide. 


2400 n 
Fi 
al 

1800 
lo 
| 
gr 

1200 ° th 
th 
ose th 
tic 
dil 
* 4 8 12 16 20 24 th 
no 
tl 
to 
ev 
tre 
an 
4; 
nt 
of 
eX 
| ta 
sn 
hy 
CO 
tid 
eit 
cu 
of 
sin 
nic 
2400 pe: 
the 
the 
| | 1800 tid 
1200 l. 
3. 
4. 
5. 
6. 


April 1959 


nucleotide accumulation were the same as in the normal rat (see 
Fig. 1), synthesis was apparently unaffected by treatment of the 
animals with 2,4-dinitrophenol. 

In another experiment, two groups of rats were treated as fol- 
lows. One group was given two injections of 2,4-dinitrophenol, 
§ hours and 2 hours before the nicotinamide injection; the other 
group was injected with 2,4-dinitrophenol and nicotinamide at 
the same time. All rats were killed 4 hours after the injection 
of nicotinamide and the concentration of pyridine nucleotides in 
their livers was determined. Neither of these treatments affected 
the rate nor the magnitude of the pyridine nucleotide accumula- 
tion. Likewise, when weanling rats were fed 0.1 per cent of 2,4- 
dinitrophenol in the diet for 20 days, pyridine nucleotide syn- 
thesis after an injection of nicotinamide was the same as in the 
normal rat. 

After 4 hours, the rate of decrease in the liver pyridine nucleo- 
tide concentration of rats treated with 2,4-dinitrophenol seemed 
to be a little greater than that observed in the normal rat. How- 
ever, the experiments with normal rats and those with rats 
treated with 2,4-dinitrophenol were not done at the same time 
and the standard errors of the means were quite high; since both 
4and 24 hours after the nicotinamide injection the liver pyridine 
nucleotide concentrations were the same as those of the normal 
rat (see Fig. 1), it appears justifiable to conclude that treatment 
of the rat with 2,4-dinitrophenol under the conditions of this 
experiment had no significant effect on pyridine nucleotide me- 


tabolism. 
DISCUSSION 


It is evident that an injection of nicotinamide causes a much 
smaller accumulation of pyridine nucleotides in the liver of the 
hyperthyroid animal than in that of the normal animal. This 
could be the result of (a) increased destruction of pyridine nucleo- 
tides, or (b) decreased synthesis of pyridine nucleotides, due 
either to a decreased enzyme concentration or to a lack of pre- 
cursor. 

The rates of destruction of pyridine nucleotides in the livers 
of both the hyperthyroid and the normal rat appeared to be 
similar because, between 4 and 24 hours after an injection of 
nicotinamide, the newly synthesized pyridine nucleotides disap- 
peared from the liver at nearly the same rate in both groups. If 
the rate of destruction of pyridine nucleotides were greater in 
the hyperthyroid rat, the slope of the curve for pyridine nucleo- 
tide disappearance should have been much steeper than that for 
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the normal rat. Therefore, the smaller accumulation of pyridine 
nucleotides in the liver after an injection of nicotinamide into 
the hyperthyroid rat would not seem to result from an increase 
in the rate of pyridine nucleotide destruction. 

The lower accumulation of pyridine nucleotides does not ap- 
pear to be caused by a defect in the enzyme system responsible 
for the synthesis of these coenzymes from their immediate pre- 
cursors because the rates of synthesis in the liver of the normal 
rat and in that of the hyperthyroid rat were similar for the first 
2 hours. Also, since Maley and Lardy (2) found that the rates 
of DPN synthesis from NMN and ATP in vitro were the same 
in liver nuclei preparations from the normal and the hyper- 
thyroid rat, this enzyme would appear to be present in normal 
concentrations in hyperthyroid rat liver. 

The shape of the curve for pyridine nucleotide formation sug- 
gests that the synthesis of these coenzymes occurs at a normal 
rate immediately after nicotinamide injection, then falls off 
rapidly because of the depletion of some component that is re- 
quired for this synthesis. The decreased accumulation of pyri- 
dine nucleotides could be due to an inadequate supply of ATP, 
of ribose, of adenine, or of NMN, all of which are needed for 
DPN synthesis when nicotinamide is supplied in excess. The 
concentrations of ATP and creatine phosphate in heart muscle 
from the hyperthyroid rat are considerably lower than is the 
case in the normal rat (19), but 2,4-dinitrophenol administration 
failed to affect liver pyridine nucleotide metabolism in vivo. If, 
as was concluded by Parker (17), 2,4-dinitrophenol does not 
cause uncoupling of oxidative phosphorylation in vivo, no de- 
pression of ATP synthesis should occur. Regardless of the na- 
ture of the defect causing a depression of pyridine nucleotide 
synthesis in the hyperthyroid rat, the condition cannot be dupli- 
cated by treatment with 2,4-dinitrophenol. 


SUMMARY 


1. The values for pyridine nucleotide concentrations in the 
livers of hyperthyroid rats 4 to 24 hours following an injection 
of nicotinamide, were well below those for similarly treated 
euthyroid rats. The liver pyridine nucleotide concentration of 
hyperthyroid mice was also much lower than that of euthyroid 
mice 12 hours after an injection of nicotinamide. 

2. Treatment of rats with dinitrophenol did not affect their 
ability to synthesize liver pyridine nucleotides after an injection 
of nicotinamide. 
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The presence of relatively high concentrations of y-amino- 
butyric acid in mammalian brain (1, 2) led to the discovery of a 
reaction utilizing this amino acid by what appeared to be trans- 
amination with a-ketoglutaric acid (3, 4). Studies with brain 
preparations (3, 4) were, however, handicapped by the particu- 
late nature of the system catalyzing the reaction. Although 
active, soluble extracts were obtained from microorganisms (5-7), 
these were not further purified. 

Recent studies have implicated y-aminobutyric-glutamic 
transaminase (8) and succinic semialdehyde dehydrogenase (8, 
9) as the successive, terminal steps in the conversion of pyrroli- 
dine to succinic acid by a strain of Pseudomonas fluorescens. Pre- 
liminary evidence suggested (8) that pyrrolidine was metabolized 
by way of the following successive intermediates: A!-pyrroline,} 
y-aminobutyric acid, succinic semialdehyde, and succinic acid. 

The present report summarizes the data on the purification 
and properties of y-aminobutyric-glutamic transaminase (Re- 
action 1) and presents a kinetic analysis of the reaction which it 
catalyzes. 


y-Aminobutyrate + a-ketoglutarate @ 


succinic semialdehyde + glutamate 


Preparation of Enzyme 


Assay—Enzyme activity was determined by coupling Reac- 
tion 1 with an excess of succinic semialdehyde dehydrogenase 
(Reaction 2) so that the formation of reduced pyridine nucleotide 
was a function of transaminase activity. 


Succinic semialdehyde + DPN* (or TPN*) + H.O 
succinic acid + DPNH (or TPNH) + H?. 


The reaction was followed spectrophotometrically at 340 my 
in an incubation system which included the following (in wmoles) 
in a total volume of 1.0 ml.: potassium pyrophosphate at pH 8.1, 
100; a-ketoglutarate, 1; y-aminobutyrate, 1; pyridine nucleo- 
tide, 0.5; and excess of succinic semialdehyde dehydrogenase 
sufficient to catalyze the oxidation of 0.1 umole of succinic semi- 
aldehyde per minute. Two such dehydrogenase preparations, 
both of which catalyze experimentally irreversible reactions, 
were used. Most of the work was performed with a fraction 
isolated from a preparation of the DPN-linked yeast aldehyde 


1 The enzymatic conversion of A!-pyrroline to y-aminobutyral- 
dehyde and the oxidation of the latter by a DPN-linked enzyme 
will be the subject of a future report. 


dehydrogenase described by Black (10).2. Alternatively, the 
substrate specific, succinic semialdehyde dehydrogenase from 
P. fluorescens (9), utilizing either TPN or DPN, was employed. 
Although the pH of the standard incubation system was not 
optimal, considerable endogenous activity, 7.e. reduction of pyr- 
idine nucleotide, found with the cruder fractions at higher pH 
values was minimized. Activity was followed at 1-minute in- 
tervals for 5 minutes. Transaminase activity was a linear fune- 
tion of both time and protein concentration at rates of less than 
0.05 umole of DPNH (or TPNH) formed per minute. A unit 
of activity was defined as that amount of transaminase allowing 
the formation of 1 umole of reduced pyridine nucleotide per 
minute in the standard assay system. Specific activity was ex- 
pressed in terms of units per mg. of protein. 

Growth—The organism was maintained on agar (1.5 per cent) 
slants containing inorganic salts (11) supplemented with 0.4 per 
cent of previously neutralized pyrrolidine. For large scale 
growth the surface of an agar slant culture was washed and the 
washings were used to inoculate a 6-1]. flask containing 1.5 1. of 
the same medium which did not contain agar. After 24 hours 
of incubation at approximately 28° with vigorous mechanical 
shaking the culture was used to inoculate 90 |. of the inorganic 
salts medium containing | per cent of yeast extract, 0.8 per cent 
of neutralized pyrrolidine and 0.001 per cent of Dow-Corning 
AF antifoam emulsion. The medium was distributed among six 
5-gallon carboys equipped for vigorous aeration. Growth was 
allowed to take place at approximately 25° for 16 hours at which 
time the cells were harvested with a Sharples centrifuge, washed 
twice with 5 volumes of 0.9 per cent sodium chloride, and frozen. 
The yield of cells varied between 100 to 275 gm., wet weight, per 
90 1. As previously noted (8), the enzyme is present in cells 
produced with pyrrolidine or y-aminobutyrate in the medium 
and absent when these compounds are omitted. 

Purification—After the cells were thawed, they were washed 
with 10 volumes of 0.1 m phosphate buffer? (pH 7.35) contain- 
ing 0.01 per cent mercaptoethanol. After centrifugation, the 
supernatant fluid was discarded. This freezing, thawing, and 
washing procedure removed large amounts of nucleic acid and 
allowed a better subsequent fractionation with protamine and 


2 It is a pleasure to acknowledge the generous amounts of puri- 
fied yeast-DPN aldehyde dehydrogenase obtained from Dr. S. 
Black. The preparation of a fraction with succinic semialdehyde 
dehydrogenase activity is detailed under ‘‘Materials and Meth- 
ods.”’ 

3 Unless otherwise noted, references to phosphate buffer refer 
to solutions of potassium phosphate at pH 7.35 containing 0.01 
per cent 2-mercaptoethanol. 
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salt. The residue was dispersed in an equal volume of 0.1 m 
phosphate buffer and treated in a 10 ke. Raytheon sonic oscil- 
lator for 5 minutes. The entire suspension was diluted with 2 
volumes of the same buffer and centrifuged for 20 minutes at 
approximately 14,000 x g. The residue was again treated in 
the same manner including sonic oscillation for 5 minutes and 
the resulting residue was discarded. The two supernatant fluids 
were combined and represent the crude extract (Fraction 1). 

To the extract was added a 1 per cent solution of protamine 
sulfate so that 12.5 mg. were used per gm. of cells. After re- 
moval of the precipitate 35 gm. of ammonium sulfate were 
added per 100 ml. of the supernatant fluid and the precipitate 
was discarded. The material salting out upon the further addi- 
tion of 21 gm. of ammonium sulfate was removed by centrifuga- 
tion and dissolved in 0.1 M potassium phosphate to yield Frac- 
tion 2. 

To Fraction 2 was added sufficient 2-mercaptoethanol to pro- 
vide a concentration of 0.1 per cent. This solution was poured 
into 10 volumes of previously cooled (—15°) acetone and the 
resulting suspension filtered with suction. The precipitate was 
thoroughly suspended in a small volume of 0.1 mM phosphate 
buffer and the insoluble material removed by centrifugation and 
discarded. The supernatant fluid was brought to a mercapto- 
ethanol concentration of 0.05 per cent and dialyzed overnight 
against 100 volumes of 0.05 m phosphate buffer. After dialysis 
insoluble material was removed by centrifugation (Fraction 3). 

The dialyzed solution was brought to a mercaptoethanol con- 
centration of 0.1 per cent and an equal volume of precooled ace- 
tone (—15°) added. The precipitate which formed was saved 
for the purification of succinic semialdehyde dehydrogenase (9). 
To the supernatant fluid was added sufficient acetone to yield a 
final concentration of 75 per cent (volume for volume). The 
precipitate thus formed was dissolved in a small volume of 0.01 
M potassium phosphate buffer (Fraction 4). 

Fraction 4 was treated repeatedly with small amounts of cal- 
cium phosphate gel. A mg. of gel was added per mg. of protein 
in Fraction 4. The gel was removed by centrifugation and the 
process repeated until 90 per cent of the enzyme activity had 
been adsorbed. The first several gel treatments adsorbed little 
enzyme and these fractions were discarded. The gel fractions 
containing the bulk of enzyme were combined and eluted with 
0.1 Mm potassium phosphate buffer. The eluate represents Frac- 
tion 5. 

To Fraction 5 were added 42 gm. of ammonium sulfate per 
100 ml. of eluate and the resultant precipitate was removed by 
centrifugation and discarded. The precipitate formed by the 
addition of another 10.5 gm. of ammonium sulfate was dissolved 
in 0.05 m phosphate buffer (Fraction 6). 

A typical protocol (Table I) summarizes the results of one 
such preparation. When stored at —20° preparations of Frac- 
tions 2 and 6 appear to be stable for several months. At pH 
values above 7.5 and below 6.5, however, the enzyme is rapidly 
inactivated. 

RESULTS 


Specificity and Products—The transaminase is active only with 
the reactants described by Reaction 1. Negative results were 
obtained when the following substitutions were made: B-alanine, 
é-aminovaleric acid, e-aminocaproic acid, w-aminocaprylic acid, 
ornithine, or lysine for y-aminobutyric acid; pyruvic acid, oxalo- 
acetic acid, ketomalonic acid or a-ketoisovaleric acid for a-keto- 
glutaric acid; aspartic acid, L-2,4-diaminoglutaric acid, alanine, 
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TABLE | 


Summary of typical purification 
163 gm. of cells (wet weight) were used. 


Fraction treatment Volume | | be 
| mil. units me. units/mg. 
2. Protamine, ammo- | | 
nium sulfate... 52 | 415 | 1,150 «0.36 
3: .......... 50 | 308 | 720 43 
4. Dialysis, acetone... 17 | 126 | 152 
6. | 10.5 3.40 


Ammonium sulfate. 


or p-glutamic acid for L-glutamic acid; glvoxylic acid, glycolal- 
dehyde, or malonic semialdehyde for succinic semialdehyde. 

The products of the reaction at equilibrium were identified by 
paper chromatography with a butanol-acetic acid-water (4:1:1) 
solvent. Identical products were obtained starting with y-ami- 
nobutyrate and a-ketoglutarate or with succinic semialdehyde 
and L-glutamate. The Rp values of the four substrates were as 
follows: y-aminobutyrate, 0.41; a-ketoglutarate, 0.25; succinic 
semialdehyde, 0.82; glutamate, 0.19. The amino acid areas 
were developed with ninhydrin while silver nitrate was used to 
demonstrate the keto acid and aldehyde. 

Evidence that the reaction under discussion was a transamina- 
tion was obtained by an experiment in which pi-glutamate-2- 
C™ (0.25 umoles containing 95,000 ¢.p.m.) was incubated with 
an excess of succinic semialdehyde in the presence of the en- 
zyme. Chromatography of the reaction products resulted in 
the finding of radioactivity in the glutamate (presumably largely 
p-glutamate) and a-keto zlutarate areas of the chromatogram. 
The y-aminobutyrate which was formed was not radioactive. 

Equilibrium Constant—The results of experiments to deter- 
mine the equilibrium constant are shown in Table II. When the 


TABLE Il 
Equilibrium constant at pH 8.1 and 38° 


The reaction mixture contained 1 unit of enzyme and 100yumoles — 
of pyrophosphate buffer at pH 8.1 per ml. as well as the substrates 
listed in the table. After 2 hours at 38° aliquots of 0.1 ml. were 
added to 0.1 ml. of 1 N HCl to stop the reaction. Samples taken 
at subsequent time intervals vielded values identical to those 
from the 2-hour samples. To the acid samples were added 0.1 
ml. of 1 N NaOH, 100 wmoles of potassium phosphate at pH 7.35, 
0.5 umole of DPN and the yeast dehydrogenase active on succinic 
semialdehyde. The total change in optical density resulting 
upon the addition of the dehydrogenase was used as a measure of 
succinic semialdehyde concentration. The abbreviations ~AB, 
aKG, SSA, and G refer to y-aminobutyrate, a-ketoglutarate, sue- 
cinic semialdehyde, and glutamate, respectively. 


Initial concentration (mm) Equilibrium 
conc entration 

2.00 1.00 | 33 0.10 
1.00 1.00 | | 24 0.10 
1.00 2.00 | | 33 0.10 
1.00 | 2.00 11 0.15 
1.00 1.00 28 0.15 
| 2.00 | 1.00 1.16 0.26 
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reaction was started with succinic semialdehyde and glutamate 
the amount of succinic semialdehyde at equilibrium was always 
somewhat higher than when starting with y-aminobutyrate and 
a-ketoglutarate. The reason for this finding is not clear. How- 
ever, since the semialdehyde was not purified to the same degree 


TaBLeE III 
Effect of temperature and pH upon equilibrium 
A umole each of y-aminobutyrate and a-ketoglutarate were 
added to initiate the reaction. Other conditions were as in Ta- 


ble IT. 
pH 
°C 
20 8.1 0.24 
30 8.1 0.23 
38 8.1 0.23 
25 7.4 0.24 
25 7.8 0. 
25 8.4 0.24 
25 8.8 0.25 
3 
Lin 
x< 
= 
> 
L 
LO 2.0 


(yas) \mxio?/ (akc) \mxto3/ 


Fic. 1. Dependence of initial velocity, v, on substrate concen- 
tration at pH 8.8 and 25°. The reaction mixture contained the 
transaminase and the following other components in 1.0 ml: 100 
umoles of potassium pyrophosphate, 0.5 umole of DPN, an excess 
of yeast aldehyde dehydrogenase, and the concentrations of a-ke- 
toglutarate (aKG) and y-aminobutyrate (yAB) indicated. 


140 
+ 
uJ 
60 
= 
= 
20 
8.0 85 9.0 9.5 
pH 


Fic. 2. Dependence of reaction velocity on pH at 25° and 1.0 
mM substrate concentration. O——O, a-ketoglutarate and y- 
aminobutyrate as the substrates; @——@, glutamate and suc- 
cinic semialdehyde as the substrates. In the former case the ve- 
locity of the reaction was determined as in Fig. 1 and represents 
initial rates. In the latter case, rates were determined by the 
method used in Table II. Pyrophosphate buffers at a concentra- 
tion of 0.1 Mm were employed. 
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as the other substrates the equilibrium values starting with 
y-aminobutyrate are considered to be the most reliable and in 
fact agree best with one another. From the latter value the 
AF of the reaction was calculated to be 1.4 keal. per mole. 

The equilibrium constant (Table III) was independent of 
temperature between 20 and 38° and of pH between 7.4 and 8.8, 

Substrate Concentration—The relation of initial velocity to 
substrate concentration is shown in Fig. 1. A competitive in- 
hibition due to a-ketoglutarate was found which was more eyi- 


TABLE IV 
Effect of pH at 25° on constants of Equation 3 


Conditions are those described for Fig. 1, with pyrophosphate 
buffer used in each case. Ka,’ was calculated from Ka assuming 
that only the unionized amino form of y-aminobutyric acid reacts 
with the enzyme. The units of the constants are: 1/Vmax , min- 
utes per mole; Kx, Ka, and K,’, minutes per liter; 1/K,, liters per 
mole. 


pH 1/V max Kk Ke 1/Kr | Ke’ 
8.83 12 x 107 | 14 X 10 | 6.4 X 104 | 150 | 1200 
8.42 11 x 107 | 12 x 10 | 12 x 104 | 200 | 920 
8.08 12 x 107 | 14 X 10 | 25 X 104 | 210 | 850 
7.45 12 x 107 | 14 X 104 | 120 X 10 | 240 | 960 
| | 

— 

2 

= 

= pH 8.8 

= 

-28r- — 

-3.0 | | | | | 
31 


10*/ Ta 


Fic. 3. Dependence of initial velocity on temperature at 1.0 
mM substrate concentration. Rates were determined as in Fig. 1. 


TABLE V 
Effects of temperature at pH 8.83 on constants of Equation 3 


The conditions are those used in Fig. 1. Ka’ was calculated 
as in Table IV. The units of the constants are defined in Table 
IV. 


Temperature 1/V max Kx Ka K,’ 
40 5 xX 107 16 X 10¢ 2.9 XK 104 90 1500 
30 9 X 10’ 15 104 4.5 X 10‘ 120 1300 
25 12 X 10’ 14 X 104 6.4 104 | 150 1300 
20 17 X 10° 13 X 104 8.0 X 104 | 250 1200 
10 35 X 107 11 X 104 | 15.0 K 104 | 380 1100 
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dent at lower temperatures or at the lower pH values. The 
results appear to satisfy the equation. 


1 1 K, (1 


a [aKG| 
laKG|] [yAB] 


K, (3) 


v 


where v is the initial velocity, V ».x the maximum velocity, aKG 
and yAB the concentration of a-ketoglutarate and ‘y-amino- 
butyrate, respectively, K, and K, constants whose meaning will 
be discussed, and K;, the inhibition constant for a-ketoglutarate. 

pH—The dependence of the initial reaction rate on pH under 
standard assay conditions, 7.e. 1 mM substrates and 25°, is de- 
picted in Fig. 2. At four different pH values the kinetic con- 
stants of Equation 3 were determined with the results shown in 
Table IV. 

Temperature—The temperature dependence of initial rates of 
the reaction under standard conditions at two pH values is shown 
in Fig. 3. The kinetic constants of Equation 3 were determined 
at five different temperatures and the results are summarized in 
Table V. 

Cofactors—No direct evidence for the participation of any co- 
factors could be demonstrated. The addition of pyridoxal phos- 
phate to crude or purified and dialyzed enzyme preparations or 
preparations subjected to extremes of pH was without effect. 
However, in common with other transaminases and pyridoxal 
phosphate activated enzymes, the enzyme was inhibited by car- 
bonyl reagents. Potassium cyanide and hydroxylamine caused 
50 per cent inhibition at concentrations of 1 xX 10-5 mM and 3 X 
M, respectively. 


DISCUSSION 


Reaction 1 has been rephrased in Reaction 4 where R repre- 
sents —CH,CH,COOH. 


COOH COOH 
| 
R R R R 


Written in this manner it becomes conceivable that the reaction 
could be one of transcarboxylation rather than transamination. 
That transcarboxylation is not the case has been demonstrated by 
incubation of the enzyme with glutamate-2-C™ and succinic semi- 
aldehyde. The absence of radioactivity in the y-aminobutyrate 
thus formed is taken as evidence that the enzyme under discus- 
sion is a transaminase. 

Equation 3 has been developed by Alberty (12) for the kinetic 
analysis of reactions in which two substrates are involved and 
where the formation and decomposition of binary complexes of 
the enzyme occur. In the case of certain dehydrogenases where 
ternary complexes appear to participate a different relationship 
has been found (13, 14, 9). A mechanism for transamination 
which involves only binary complexes strongly suggests that the 
enzyme itself transaminates with each substrate in turn. If 
the y-aminobutyric-glutamic transaminase, in analogy with other 
transaminases (15), has pyridoxal phosphate tightly bound as a 
prosthetic group, the reaction is most simply summarized as 
shown in Reactions 5 to 9: 


ky 


RCH2NH: + ECHO 
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ke 
EK’ = RCHO + ECH.NH:, (6) 
k_s 
RCOCOOH + ECH:NH, = E” (7) 
k_; 
kg 
E” = RCH:NH.COOH + ECHO (8) 
ky 
ECHO + RCOCOOH = E”” (9) 
k_y 


in which E is the enzyme, and EF’, E”’, and E’” substrate-enzyme 
complexes of unspecified structure. The enzyme is pictured as 
bearing pyridoxal phosphate as a tightly bound prosthetic group. 
It is proposed that the prosthetic group transaminates with each 
substrate in turn thus involving two forms of the holo-enzyme; 
an aldehyde (ECHO) and an amino (ECH.NH.;) form. ~ Based 
on these assumptions the constants in Equation 3 become: 
1/V max = 1/ko + 1/ka; Ke = (hg + Ka = (ko + 
kiko. If further intermediate steps are assumed the interpre- 
tation of these constants would, of course, be different. 

Between pH 7.4 and 8.8 there is little effect of pH on the maxi- 
mal velocity, on K,, or on the inhibition constant K, (Table IV). 
If it is assumed that only the unionized amino group of y-ami- 
nobutyrate reacts then a corrected value, K,’, is also almost 
constant. The values of AK,’ have been calculated from K, as- 
suming that only the unionized form of y-aminobutyric acid is 
active and that the pK, of this compound is 10.55 at 25° (16). 

Only KA, is relatively independent of temperature (Table V). 
The maximal velocity of the reaction varies with temperature in 
such a manner as to indicate an apparent activation energy of 
11.5 keal. per mole. A, shows a similar dependence with an 
apparent heat of dissociation of 10 kc. per mole. The variation 


of K, with temperature can be almost entirely explained by the 


high heat of dissociation (approximately 10 kcal. per mole (16)) 
of the amino group of y-aminobutyrate. Again, assuming that 
only the unionized amino group is active, K,’ has a slight de- 
pendence on temperature similar to that of K,. 


MATERIALS AND METHODS 


The diethyl ester of 2-formylsuccinic acid was obtained as a 
gift from Dr. R. W. Albers and was used for the preparation of 
succinic semialdehyde by a method described by Bessman et al. 
(3). The diethyl acetal of malonic semialdehyde ethyl ester 
was a gift from Dr. M. J. Coon and Dr. W. G. Robinson and 
was used for the preparation‘ of malonic semialdehyde. 1-Gluta- 
mic acid was a gift from Dr. J. P. Greenstein and 1-2 ,4-diamino- 
glutaric acid from Dr. H. N. Christensen. ‘y-Aminobutyric acid 
was recrystallized twice before use. All other compounds em- 
ployed are commercially available. Calcium phosphate gel (17) 
contained 15 mg. (dry weight) per ml. 

Protein was determined by the method of Lowry et al. (18) 
with the use of crystalline bovine serum albumin as a standard. 
Radioactivity was measured with a Forro chromatogram scanner 
and a recording rate meter. Enzyme assays were performed 
with a Beckman model DU spectrophotometer equipped for 
temperature regulation. 


4 Personal communication from Dr. M. J. Coon. 


n 
yf 
| 
(5) 
ky 


936 y-Aminobutyric-Glutamic Transaminase 


For preparation of the yeast dehydrogenase acting on succinic 
semialdehyde, purified DPN-aldehyde dehydrogenase brought 
to the stage of Fraction 3 (10) by Dr. 8. Black was further puri- 
fied with ammonium sulfate. Ammonium sulfate, 28 gm., was 
added per 100 ml. of the protein solution and the resultant pre- 
cipitate was discarded. The precipitate formed after an addi- 
tional 21 gm. were added, was dissolved in 0.05 m phosphate 
buffer at pH 7.0 containing 0.1 per cent mercaptoethanol. One 
such preparation, active in the oxidation of succinic semialde- 
hyde, was inactive with acetaldehyde as substrate. 
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SUMMARY 


A soluble y-aminobutyric-glutamic transaminase has _ been 
purified from extracts of a strain of Pseudomonas fluorescens 
which had been shown to catalyze a reversible transamination 
with y-aminobutyric acid and a-ketoglutaric acid as substrates 
yielding succinic semialdehyde and glutamic acid. 

A kinetic analysis was consistent with the hypothesis that the 
reaction proceeds by the formation and decomposition of a series 
of binary complexes of enzyme and substrate. The data suggest 
that the unionized form of y-aminobutyric acid is the reactive 
species. 
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A particulate preparation from brain (1) and a soluble, puri- 
fied enzyme from Pseudomonas fluorescens (2) have been shown 
to catalyze the transamination of y-aminobutyric acid with 
a-ketoglutaric acid resulting in the formation of succinic semialde- 
hyde and glutamic acid. The further utilization of succinic 
semialdehyde was indicated by the finding that this compound 
may be oxidized through the mediation of pyridine nucleotide- 
linked dehydrogenases isolated simultaneously from the pseudo- 
monad (3) and mammalian brain (4). The present report is 
concerned with the purification and the properties of the enzyme, 
succinic semialdehyde dehydrogenase, from P. fluorescens. The 
dehydrogenase catalyzes Reaction 1. 


COOH COOH 
| 

CH; mercaptan CH: 

| + TPN*+ + H:O >| + TPNH + H* (1) 
CH: CH, 

CHO COOH 


In the presence of the enzyme, mercaptan, and TPN (or, at a 
slower rate, DPN), succinic semialdehyde is quantitatively con- 
verted to succinic acid. 

The dehydrogenase, in conjunction with y-aminobutyric-glu- 
tamic transaminase, has been found to be useful for the quanti- 
tative determination of y-aminobutyrate and a-ketoglutarate. 
A method for the determination of these compounds is presented. 


PREPARATION OF ENZYME 


The organism (2, 3) was allowed to grow on a medium con- 
taining pyrrolidine, and the enzyme was extracted as described 
for y-aminobutyric-glutamic transaminase by Scott and Ja- 
koby (2). 

Assay—Enzyme activity was followed spectrophotometrically 
at 340 my by utilizing the absorption band of reduced pyridine 
nucleotide. To an appropriate amount of enzyme in a total 
volume of 1.0 ml. were added the following (in pmoles): tris- 
(hydroxymethyl)aminomethane chloride at pH 7.9, 50; 2-mer- 
captoethanol, 3; TPN, 1. The reaction was initiated after a 
preincubation period of 40 minutes by the addition of 0.5 umoles 
of succinic semialdehyde and the optical density change was fol- 
lowed with a Beckman DU spectrophotometer at 30-second in- 
tervals for 3 minutes. Alternatively a Cary recording spectro- 
photometer was employed. The rate of TPNH formation under 
these conditions was linear, both with respect to time and enzyme 


concentration, when optical density changes of less than 0.3 per 
minute were measured. A unit of dehydrogenase activity is 
defined as that amount of enzyme catalyzing the formation of 1.0 
umole of TPNH per minute in the standard incubation mixture 
described above. Specific activity is defined in terms of units 
per mg. of protein. 

Purification—The early steps in the purification, including 
protamine treatment, ammonium sulfate fractionation, and 
treatment with a large volume of acetone were those described 
for y-aminobutyric-glutamic transaminase (2). The dialyzed 
solution (41 ml., Fraction 4, Table 1, below) was brought to a 
mercaptoethanol concentration of 0.1 per cent and an equal 
volume of cooled (—15°) acetone was added. The precipitated 
material was suspended in 21 ml. of 0.05 M tris(hydroxymethy])- 
aminomethane buffer at pH 7.2 containing 0.1 per cent mercap- 
toethanol. Two mg. of calcium phosphate gel were added per 
ml. of the resultant suspension and the residue after centrifuga- 
tion was discarded. The clear supernatant fluid (22 ml.) repre- 
sents Fraction 5. Fraction 5 was acidified to pH 5.2 with 1 ~ 
acetic acid and treated with 2 mg. of calcium phosphate gel per 
mg. of protein. Before use the gel has been centrifuged and the 
suspending fluid discarded. Thus the calcium phosphate was 
suspended directly in Fraction 5. After centrifugation of this 
suspension the gel was eluted successively with 0.1 M tris(hy- 
droxymethyl)aminomethane at pH 7.2 and with 0.07 m phosphate 
at pH 7.0, each of which contained 0.1 per cent mercaptoethanol. 
The volume of eluent used was twice the volume of Fraction 5. 
The phosphate eluate contained the enzyme activity (Fraction 
6). 

Per 10 ml. of Fraction 6 3.5 gm. of ammonium sulfate were 
added and the small precipitate which formed was removed by 
centrifugation. ‘To the supernatant fluid 1.73 gm. of ammonium 
sulfate were added and the resulting precipitate was dissolved in 
0.05 mM potassium phosphate at pH 7.0 containing 0.1 per cent 
mercaptoethanol (Fraction 7). 

The summary of a typical preparation is presented in Table I. 
Attempts at further purification by chromatography on N ,N- 
diethylaminoethyleellulose (5) produced a 2-fold increase in 
specific activity but resulted in a 95 per cent loss of total enzyme 
activity. 


PROPERTIES OF ENZYME 


Succinic semialdehyde dehydrogenase was equally active in an 
air or in a helium atmosphere. The enzyme displayed maximal 
activity at pH 8.5 (Fig. 1) and was most stable at pH 6.5 to 7.1. 
Preparations stored at pH 7.0 in 5 mm mercaptoethanol-0.05 m 
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TABLE I 


Purification of succinic semialdehyde dehydrogenase 
from Pseudomonas 


Ninety-five gm. of cells (wet weight) were used. 


Fraction Procedure Volume | acivity | Protein | Activity 
ml. units meg. units/mg. 

1 Extract 550 869 12,100 0.07 
2 Protamine 630 1,065 8,700 0.12 
3 Ammonium sulfate 41 825 1,500 0.55 
4 Acetone, dialysis 40 721 840 0.86 
5 Acetone 22 710 506 1.40 
6 Gel eluate 41 371 123 3.05 
7 Ammonium sulfate 5 338 92 3.61 
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Fic. 1. Dependence of dehydrogenase activity on pH. All buf- 
fers were 0.1 M; (@) potassium phosphate, (O) tris(hydroxy- 
methyl)aminomethane chloride, (@) glycine. 
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Fig. 2. Tracing from a Cary spectrophotometer illustrating the 
stoichiometry of the dehydrogenase reaction. The curves repre- 
sent the formation of TPNH as a function of time following the 
addition of 50 (A), 100 (B) and 150 (C) myumoles of succinic semi- 
aldehyde, respectively. 


phosphate buffer at 2° lost 10 per cent of their catalytic activity 
per week. 

Specificity and Stoichiometry—These preparations were specific 
for the oxidation of succinic semialdehyde. Thus, glyoxylate 
and malonic semialdehyde! in comparable concentrations did not 


1 Malonic semialdehyde was used as such or generated in situ 
with acetylene monocarboxylic acid hydrase and its substrate (6). 
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lead to the formation of reduced pyridine nucleotide in this 
system. A wide variety of aliphatic, aromatic, and heterocyclic 
aldehydes which had previously been shown to be oxidized by an 
aldehyde dehydrogenase from a different strain of P. fluorescens (7), 
was not utilized by succinic semialdehyde dehydrogenase. Since 
it has been reported (8) that succinic semialdehyde is oxidized 
by glyceraldehyde 3-phosphate dehydrogenase, glyceraldehyde 
3-phosphate was tested as a substrate for succinic semialdehyde 
dehydrogenase. No reduction of pyridine nucleotide occurred 
and it was concluded that the Pseudomonas enzyme is not a 
glyceraldehyde 3-phosphate dehydrogenase. 

Succinic semialdehyde was oxidized completely (Fig. 2) and 
reversal of the reaction could not be demonstrated. Succinic 
acid was identified as the product by chromatographing ether 
extracts of an incubation mixture in which 4 pmoles of succinic 
semialdehyde had been utilized. The isoamy] alcohol-4 m formic 
acid solvent system described by Flavin and Ochoa (9) was used. 
Purified enzyme preparations treated with Dowex 1 (Cl) resin 
and with activated charcoal (10) were not stimulated by coen- 
zyme A or ATP nor was a hydroxamic acid-reacting material 
formed either in the presence of coenzyme A and ATP or with 
coenzyme A and inorganic phosphate. 

Both TPN and DPN served as substrates although the former 
was 8.2 times more active under standard assay conditions, 7.e. 
at a nucleotide concentration of 1 mm. This ratio was constant 
throughout the last stages of purification. In the first four 
steps of purification, accurate assays could not be obtained with 
the use of DPN because of the presence of a system reducing 
DPN in the absence of succinic semialdehyde. 

After storage for several days or fractionation in the absence 
of mercaptoethanol, enzyme preparations were found to have 
low activity unless preincubated with sulfhydryl compounds. 
Activation occurred at room temperature (23°) over a 40-minute 
period as shown for one such preparation in Fig. 3. Although 
mercaptoethanol, cysteine, and glutathione were equally effec- 
tive at a concentration of 5 mm, mercaptoethanol was used rou- 
tinely as a convenient source of exogenous mercaptan. 

Kinetics—The results of a kinetic analysis of Reaction | are 
consistent with the involvement of a ternary complex involving 
the enzyme, succinic semialdehyde and TPN. The velocity of 
the reaction may be expressed (11) in terms of Equation 1? 
where K,, K, and K, are constants and Vy is the maximal veloc- 
ity at a given enzyme concentration. For the conditions em- 
ployed in Fig. 4, 7.e., pH 7.9 


Vu K, 


= ] 
v + [TPN] [succinic semialdehyde] 


(1) 


[TPN] [succinic semialdehyde] 


and 25°, the rate of the reaction is represented by Equation 2. 


5.6 X 10-6 
[succinic semialdehyde] 


Vu 2.8 1078 
= | 
+ 


(2) 
3.4 X 10° 


ss [TPN] [succinic semialdehyde] 


It will be evident from the data presented in Fig. 4 that the 
experimental points are in good agreement with the curves cal- 


2 The units of the constants are: K, and Ky, moles per |.; Ke, 
(moles per 1.)?. 
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culated from Equation 2. The simplest mechanism compatible 
with the results is in agreement with the mechanisms proposed 
for alcohol dehydrogenase (12) and lactic dehydrogenase (13) 
and is summarized by Reactions 2 to 6. As suggested by Al- 
berty (11) the assumption is made here 


ky 
E+(TPN) KEKTPN) (2) 
ky 
ke 
E(TPN) + (suceinie semialdehyde) 
(3) 
(succinic semialdehyde) (TPN) 
ks 
E + (succinic semialdehyde) ——— (succinic semialdehyde) E (4) 
ks 
ks 
(succinie semialdehyde)E + (TPN) = 
k4 (5) 
(succinic semialdehyde)E(TPN ) 
ks 
(succinic semialdehyde)EK (TPN) E (products) (6) 
k_s 


that Reaction 6 is rate-limiting. Based on this mechanism the 
constants of Equation 1 become Ag = k3(k2 + ks)/(ks — ki); 
Ky = kilke + ka)/(ks — bi); Ke = kiks(ke + ks) /(ks — hi). 

Inhibitions—Two semialdehydes, glyoxylate and malonic 
semialdehyde, were found to be competitive inhibitors of the 
enzyme. The K, for these compounds at a TPN concentration 
of 1 * 10-3 m was calculated as 3  10-‘M for glyoxylic acid and 
1 for malonic semialdehyde. The following compounds 
at the concentrations noted did not inhibit: glycolaldehyde, 2 x 
10-3 m; succinic acid, 1 X 10-? M; ethylenediaminetetracetic acid, 
1 xX 10-2 m. In common with other aldehyde dehydrogenases 
(14) the succinic semialdehyde dehydrogenase was inhibited by 
relatively low concentrations of arsenite; 50 per cent inhibition 
was obtained at a potassium arsenite concentration of 4 x 10-4 
M. 


Q-KETOGLUTARATE AND ‘Y-AMINOBUTYRATE ASSAY 


By coupling succinic semialdehyde dehydrogenase (Reaction 
1) with y-aminobutyrate-glutamate transaminase (2) (Reaction 
7) a sensitive and specific assay for a-ketoglutarate and y-amino- 
butyrate has been developed. The net result of coupling the 
dehydrogenase and the transaminase is summarized by Reac- 
tion 8. | 


y-aminobutyrate + a-ketoglutarate 
== succinic semialdehyde + glutamate (7) 
y-aminobutyrate + a-ketoglutarate + TPN* + H.O 
== succinate + glutamate TPNH + H* (8) 


The assay system for either of these metabolites consisted of 
the following (in wmoles) in a total volume of 1.0 ml.: tris(hy- 
droxymethyl)aminomethane at pH 7.9, 50; 2-mercaptoethanol, 
0; TPN, 1; sufficient succinic semialdehyde dehydrogenase and 
y-aminobutyric-glutamic transaminase to result in a rate of op- 
tical density change of approximately 0.1 per minute. For assay 
of a-ketoglutarate the reaction mixture was supplemented with 
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Fig. 3. Effect of preincubation with mercaptoethanol on en- 
zyme activity. The figures to the right of the curves indicate the 
time of preincubation. The reaction was initiated by the addi- 
tion of succinic semialdehyde. 
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Fic. 4. Dependence of initial velocity, V, on substrate concen- 
tration at pH 7.9. The reaction mixture contained the enzyme 
(specific activity 3.8), 50 wmoles of tris(hydroxymethy]l)amino- 
methane chloride, and 5 wmoles of mercaptoethanol. The suc- 
cinic semialdehyde concentrations were 49, 98, 245, and 745 um 
for Curves A, B, C and D, respectively. The TPN concentrations 
were 10.8, 21.6, 43.2, and 72.0 um for Curves E, F, G and H, respec- 
tively. The curves have been calculated from Equation 2. 


2 umoles of y-aminobutyrate and for the determination of y-ami- 
nobutyrate, 2 umoles of a-ketoglutarate were added. The 
amount of either of these metabolites present in a sample was 
deduced from the increase in optical density at 340 mu (e = 
6.21 x 10° (15)) due to the formation of TPNH. Extensive 
purification of the enzymes was not necessary since it had been 
found that Fraction 2, the first ammonium sulfate fraction, 
contained both the dehydrogenase and the transaminase and 
was well suited for these assays. Glutamic acid does not inter- 
fere; glutamic dehydrogenase is absent. This system is most 
useful for final concentrations of samples containing between 
1.5 10-5'm to 1.5 X 10-*m. Within this range repeated de- 
terminations result in variations of less than 3 per cent. 


MATERIALS AND METHODS 


The diethyl ester of 2-formylsuccinic acid, obtained from Dr. 
R. W. Albers, was hydrolyzed in dilute solution (0.1 m) by heat- 
ing in a boiling water bath for 4 hours with 0.2 n HCl. The 
resulting solution, containing succinic semialdehyde, was ad- 
justed to pH 6.0 with KOH. The diethyl acetal of malonic 
semialdehyde ethyl ester was a gift from Dr. M. J. Coon and 
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Dr. W. G. Robinson and was used for the preparation’ of malonic 
semialdehyde. Glyceraldehyde 3-phosphate was generated with 
aldolase and fructose 1 ,6-diphosphate. Calcium phosphate gel 
was prepared (16) so as to contain 21 mg. of solids (dry weight) 
per ml. All other compounds are available from commercial 
sources. 

Protein was determined by the method of Lowry et al. (17) 
with crystalline bovine serum albumin used as a standard. As- 
say for hydroxamic acids was performed by the technique of 
Lipmann and Tuttle (18). 
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SUMMARY 


Succinic semialdehyde dehydrogenase has been purified from 
extracts of Pseudomonas fluorescens. The enzyme is specific for 
succinic semialdehyde oxidation and forms succinic acid as the 
product. Triphosphopyridine nucleotide or diphosphopyridine 
nucleotide as well as a mercaptan are required for the reaction. 

Simple and specific assays for y-aminobutyrate and for a-keto- 
glutarate in the range of 1.5 K 10-5 mM to 1.5 X 10-4 mM have 
been developed which use y-aminobutyric-glutamic transami- 
nase coupled with succinic semialdehyde dehydrogenase. 
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Previous work on the utilization of acetylenic compounds led 
to the finding of an enzyme that catalyzes the hydration and de- 
carboxylation of acetylenedicarboxylic acid with the formation 
of pyruvic acid (1,2). The reaction sequence may be considered 
to occur by Reactions 1 or 2, although the proposed intermedi- 
ates, in each case, were inactive in the free state. 


COOH -COOH 
| | COOH 
= | CO (1) 
CH CH; | 
| | | CH; 
COOH _COOH COOH. 
COOH 
| COOH COOH 
C | | 
inl Co (2) 
CH; 
COOH 


It was considered that the separation and study of an enzyme 
utilizing acetylenemonocarboxylic acid (propiolic acid) might 
vield information useful in evaluating the mechanisms described 
by Reactions 1 and 2. Accordingly a bacterium, with the ability 
to grow on acetylenemonocarboxylic acid as the sole carbon 
source, was isolated. An enzyme was purified from extracts of 
this organism that was able to catalyze the formation of malonic 
semialdehyde from acetylenemonocarboxylic acid. This con- 
version is considered to proceed according to Reaction 3. 


CH HOCH md CHO 

| | | 

C + H.O — CH — CH, (3) 
| 

i | 

COOH COOH, COOH 


The data on the purification and the properties of the enzyme 
catalyzing Reaction 3 are presented here, and the pertinence of 
these findings to the acetylenedicarboxylic acid system is dis- 
cussed. 


PREPARATION OF ENZYME 


Assay—The hydrase reaction was followed by the assay of 
malonic semialdehyde formed from acetylenemonocarboxylic 


* Fellow of the Jane Coffin Childs Memorial Fund for Medical 
Research. 


acid (Reaction 3). The standard assay was conducted in a 
volume of 1.0 ml. containing 50 umoles of potassium phosphate 
at pH 7.9, 5 umoles of acetylenemonocarboxylic acid, and an 
amount of enzyme sufficient to catalyze the formation of ap- 
proximately 0.3 to 2.0 uwmoles of malonic semialdehyde in 10 
minutes. After incubation at room temperature (23°) for 10 
minutes, the reaction was terminated by the addition of 1.0 ml. 
of a 10 per cent solution of perchloric acid. Aliquots of the in- 
cubation mixture were diluted to 0.5 ml. with water and 0.5 ml. 
of the 2,4-dinitrophenylhydrazine reagent of Friedemann and 
Haugen (3) was added. After 5 minutes at room temperature, 
4 ml. of 5 N KOH in 90 per cent ethanol! were added. The re- 
sulting color was determined within | minute after the addition 
of alkali by a Klett-Summerson colorimeter with a No. 54 filter. 
Standards containing pyruvate or the 2,4-dinitrophenylhydra- 
zine of malonic semialdehyde were included with each series of 
samples to be assayed; the two compounds yielded identical 
extinction coefficients. 

Under the conditions outlined above, hydrase activity is a 
linear function of both time and enzyme concentration as shown 
in Fig. 1. 

For the determination of the Michaelis constant, A,,, for 
acetylenemonocarboxylic acid hydrase a similar assay was used 
with three modifications: the incubation was conducted at 30°, 
larger aliquots of the incubation mixture were employed, and 
samples of the incubation mixture were removed at 2-minute 
intervals for a total of 10 minutes for each acetylenemonocar- 
boxylic acid concentration. 

A unit of hydrase activity is defined as that amount of en- 
zyme that catalyzes the formation of 1.0 umole of malonic semi- 
aldehyde in 10 minutes under standard assay conditions. Spe- 
cific activity is defined as the number of units of activity per mg. 
of protein. 

Growth—The organism was obtained by the enrichment cul- 
ture technique with the use of an inorganic salt medium (4) 
supplemented with 0.1 per cent acetylenemonocarboxylic acid. 
Colonies, which were isolated after purification by plating, con- 
sisted of gram-negative, motile rods with one polar flagellum and 
have been identified as a member of the genus Pseudomonas (5). 
Although the pseudomonad could grow on a variety of carbon 
sources including glucose, a-alanine, and malonic acid, the hy- 
drase was produced only with acetylenemonocarboxylic acid as 
the carbon source. 

The pseudomonad was maintained by biweekly transfers on 
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Fic. 1. Pyruvate formation under standard assay conditions 
as a function of time (Curve A) and protein concentration (Curve 
B). 


TaBLeE 
Summary of acetylenemonocarborylic acid hydrase purification 


Fraction Treatment Volume Activity uae 
ml. units 
1 Extract Be i 5570 4.1 
2 Protamine sulfate 92 4050* 3.6* 
3 Ammonium sulfate 16.4 4700T 14f 
4 Heat and dialysis 16.4 4100 38 
5 Acetone 11.7 3260 49 
6 Gel eluates 14 2260 175 
7 DEAE-cellulose eluatet 26 920 380 


*The apparent loss of activity upon addition of protamine 
sulfate is presumed to reflect the inhibition by sulfate. 

t The actual number of units found on assay of this fraction 
was 3220. This value was corrected for ammonium sulfate inhi- 
bition by multiplying by 1.47; derivation of this factor is discussed 
in the text. : 

t Only half of the gel eluate fraction was used for DEAE-cel- 
lulose chromatography although the values reported in the table 
represent the yield from the entire fraction. 


agar slants containing the following per |.: K2HPO,, 1.15 gm.; 
KH2PO,, 0.63 gm.; NH,NOs, 1 gm.; MgSO,-7H.O, 0.2 gm.; a 
solution of sodium, ferrous, and manganous salts,? 5 ml.; previ- 
ously neutralized acetylenemonocarboxylic acid, 1.5 gm.; yeast 
extract, 0.04 gm.; agar, 15 gm. For large scale growth experi- 
ments a similar medium was used which differed only in that 
yeast extract and agar were omitted. 

Several milliliters of medium were used to wash organisms 
from a 24- to 48-hour-old agar slant. The resulting suspension 
served as inoculum for 1 |. of medium in a 6-]. flask. After 24 
hours of shaking at approximately 28° the contents of the flask 
were used to inoculate three 5-gallon carboys, each of which 
contained 12 |. of medium and was equipped for vigorous aera- 
tion under sterile conditions. Approximately 1 gm., wet weight, 
of cells were obtained per 1. of medium. Cells were harvested by 


2 Salt solution contains the following in grams per liter: NaCl, 
2; FeSO,-7H.2O, 2; MnSO,-4H;0, 2; ascorbic acid, 1. | 
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centrifugation after 18 hours of growth at 23°. The cells were 
washed twice with 0.9 per cent sodium chloride and were frozen 
at —15°. 

Extraction and Purification—Frozen cells were allowed to thaw 
and were suspended in 5 times their volume of 0.05 m potassium 
phosphate at pH 7.0 containing 5 mm mercaptoethanol. The 
suspension was subjected to sonic oscillation for 10 minutes in a 
10 ke. Raytheon vibrator followed by centrifugation for 20 min- 
utes at approximately 16,000 x g. In the preparation to be de- 
scribed and summarized in Table I, 13.6 gm. of cells resulted in 
71 ml. of extract (Fraction 1). 

To the extract were added 660 mg. of ammonium sulfate fol- 
lowed by 28.4 ml. of a 1 per cent solution of protamine sulfate. 
This operation as well as all subsequent procedures, where ap- 
plicable, were conducted at approximately 0° and were accom- 
panied by stirring. After centrifugation the residue was dis- 
carded and the supernatant fluid (Fraction 2) was treated with 
solid ammonium sulfate. Of ammonium sulfate 18.5 gm., 6.7 
gm. and 13.6 gm. were added in sequence with centrifugation and 
removal of the residue after each addition. The first precipitate 
was discarded. The second precipitate contained an enzyme 
active in the oxidation of malonic semialdehyde.* The third 
precipitate which was salted out between approximately 0.4 and 
0.6 of ammonium sulfate saturation, contained the hydrase and 
was dissolved in 0.05 m potassium phosphate at pH 7.0 which 
was 5 mM with respect to mercaptoethanol (Fraction 3). 

Fraction 3, contained in a stainless steel vessel, was placed in 
a 55°-water bath and stirred. After 10 minutes of heating, the 
vessel was cooled in an ice bath and the precipitated protein was 
removed by centrifugation. The supernatant fluid (15 ml.) was 
dialyzed overnight against a |. of 0.05 m potassium phosphate 
at pH 7.0 containing 5 mm mercaptoethanol (Fraction 4). 

Although only 3200 units were recovered after heating, di- 
alysis increased this value to 4100. It is probable that the stimu- 
lation of activity was due to the removal of inhibitory sulfate 
ions introduced in Fraction 3. The ratio of the activity before 
and after dialysis, 1.43, was therefore used as a correction fac- 
tor for estimating the number of units of activity present in 
Fraction 3 (Table I). 

Precooled (—10°) acetone, 3.0 ml., was added to 16.4 ml. of 
Fraction 4 at 0° during a 3-minute period. The solution was 
transferred to a Dry Ice-ethanol bath maintained at —3° and 
6.1 ml. of acetone were added. The suspension was centrifuged 
at —5° and the supernatant fluid was placed in a —10° bath. 
Acetone (29.1 ml.) was added until a final acetone concentration 
of 60 per cent (volume per volume) was attained. After cen- 
trifugation at —5° the residue was suspended in 10.5 ml. of 0.05 
m Tris‘ buffer at pH 7.2 containing 2.5 mm mercaptoethanol. 
The suspension was cleared by the addition of 1 ml. of calcium 
phosphate gel containing 21 mg., dry weight, per ml. The super- 
natant fluid obtained by centrifugation is designated Fraction 5 
(Table I). | 

A suspension of calcium phosphate gel containing 525 mg., dry 
weight, of solids was centrifuged and the suspending medium 
was discarded. The residue was thoroughly suspended in 11.7 
ml. of Fraction 5 and the mixture was centrifuged; the residue 
was discarded. The supernatant fluid was acidified with N ace- 
tic acid to pH 6.0 and subjected to another treatment with 525 


?W.B. Jakoby and E. W. Yamada, in preparation. 
‘The abbreviation used is: Tris, tris(hydroxymethy])amino- 
methane. 


O 
d 
u 
a 
Nn 
oO 
a 
| 


April 1959 


mg. of gel followed by centrifugation. The supernatant fluid 
was discarded and the gel was washed with 12 ml. of 0.05 m 
Tris buffer at pH 7.2 containing 2.5 mm mercaptoethanol. The 
gel was eluted by thorough suspension in 7 ml. of 0.05 m potas- 
sium phosphate at pH 6.7 which was 2.5 mm with respect to 
mercaptoethanol. The elution was repeated with 7 ml. of the 
same buffer and the eluates were combined (Fraction 6). The 
gel eluates generally yielded 50 per cent of the activity present in 
the crude extracts at a purification of approximately 50-fold. 

Further purification could be obtained by chromatographing 
Fraction 6, on DEAE-cellulose (6) used as the solid phase. 
Certain variations of the original method (6) were used and have 
been described in detail previously (2). Columns of DEAE- 
cellulose (3 X 1 cm.) were used with 200 ml. of 0.03 m Tris buffer 
at pH 7.2 in the mixing flask. An ionic strength gradient was 
produced by allowing the same buffer, brought to 0.5 m with 
respect to NaCl, to flow into the mixing chamber. Of the 1200 
units of activity which were absorbed, a total of 600 units was 
recovered in the pattern diagrammed in Fig. 2. However, only 
those fractions with a specific gravity greater than 300 were 
pooled and constitute Fraction 7. This step represents an ap- 
proximately 2-fold purification over that of the gel eluates with 
some fractions yielding somewhat higher activity. Attempts to 
concentrate the protein in Fraction 7 by ammonium sulfate 
treatment have resulted in only 50 per cent recovery of enzyme 
activity. 


PROPERTIES OF ENZYME 


Reaction Product—The product of acetylenemonocarboxylic 
acid hydration (Reaction 3) was identified as malonic semialde- 
hyde by the isolation of its 2,4-dinitrophenylhydrazone. Ace- 
tylenemonocarboxylic acid, 400 umoles, was incubated with 100 
units of enzyme in 0.05 m potassium phosphate at pH 7.9 in a 
total volume of 20 ml. After 1 hour at room temperature the 
reaction was terminated by the addition of an equal volume of a 
10 per cent solution of perchloric acid. Precipitated protein 
was removed, an excess of an acid solution of 2,4-dinitrophenyl- 
hydrazine was added and, after overnight storage at 2°, the hy- 
drazone was separated by filtration with suction. The melting 
point of this compound after two recrystallizations from aqueous 
ethanol was found to be 159-160° (uncorrected); the 2 ,4-dini- 
trophenylhydrazone isolated from chemically synthesized ma- 
lonic semialdehyde, melted over the same temperature range. 

Ascending paper chromatography (butanol-water-ammonia, 
100:18:1.2) of the hydrazone derivative isolated in this manner 
revealed one distinct spot at Ry 0.89 which was identical to that 
of the 2,4-dinitrophenylhydrazone prepared from synthetic 
malonic semialdehyde. 

Pyruvic acid was not formed by the hydrase reaction as 
demonstrated by spectrophotometric assay with lactic dehydro- 
genase and DPNH. The possible addition to acetylenemono- 
carboxylic acid of a molecule other than water, e.g. NH3, was 
considered. When a standard incubation mixture, including 5 
units of enzyme, was made 0.2 m with respect to ammonium 
acetate and the products of the reaction were chromatographed, 
no evidence was found for the formation of ninhydrin-reacting 
compounds. Particular attention was directed to the possibility 
of a- or B-alanine formation; neither compound was detected, 
although malonic semialdehyde was found. 

Specificity and Stoichiometry—Of the several compounds ex- 
amined only acetylenemonocarboxylic acid was hydrated to form 
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Fic. 2. Pattern of elution of the hydrase at a rate of 3 ml. per 
minute from a 3 X 1l-em. DEAE-cellulose column. Details are 
included in thetext. The curve represents enzyme concentration. 
Protein concentration is indicated by the discontinuous line. 
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Fig. 3. Stoichiometry of the reaction. The values at the right 
hand side of the curves indicate the number of umoles of acetylene- 
monocarboxylic acid added to the reaction mixture. 


an aldehyde. Acetylenedicarboxylic acid, propynol and ethynyl- 
benzene did not serve as substrates. The enzymatic hydration 
of acetylenedicarboxylic acid with the concomitant formation of 
malonic semialdehyde required no exogenous cofactors and oc- 
curred equally as well in a helium atmosphere as in air. As 
shown in Fig. 3, | mole of malonic semialdehyde is formed per 
mole of acetylenemonocarboxylic acid added. 

Kinetics—A plot of enzyme activity against substrate con- 
centration is reproduced in Curve A of Fig. 4. Because of in- 
hibition by higher concentrations of substrate, 5 umoles of ace- 
tylenemonocarboxylate acid per ml. were used in the standard 
assay system. The K,, for acetylenemonocarboxylic acid, as 
derived from initial reaction rates (Fig. 4, Curve B), was found 
to be 8 K 10-5 mM at pH 8.0. The apparent energy of activation 
at the same pH was calculated from the initial reaction rates at 
four temperatures (17, 24.2, 29.6 and 37.2°) to be 7 kilocalories 
per mole. 

Inhibition—Of the several anions investigated, only sulfate, 
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Fic. 4. Velocity of the hydration as a function of substrate 
concentration (Curve A). The K,, was estimated from Curve B 
as 8 X 107° M. 


TABLE II 
Inhibition by salts 
Standard assay system at pH 8. Each of the amines was ad- 
justed to pH 8.0 with the appropriate acid before assay. 


Anions 
Cations 
Sulfate | Chloride | Nitrate Acetate 
mM per cent inhibition 

10 45 17 0 

Ammonium............ 10 50 20 25 0 
Ethanolamine......... 50 58 36 
Diethanolamine.......| 50 60 12 
Triethanolamine....... 50 42 0) 


chloride, and nitrate were found to be inhibitory (Table II). 
Thus phosphate, arsenate, acetate, malonate, succinate, car- 
bonate, or pyrophosphate at the same concentration (10 um) 
did not inhibit. Similarly, certain cations, Tris, ethanolamine, 


and diethanolamine, also inhibited activity whereas triethanol-: 


amine, histidine, glycine and ammonium salts of organic acids 
were inactive. 

Enzyme activity was inhibited 50 per cent by sodium cyanide 
and p-chloromercuribenzoate at 4 Mm and 2 X 10-4 M, 
respectively. The following compounds at the concentrations 
noted were without significant effect on enzyme activity: so- 
dium citrate (10 mm); 8-hydroxyquinoline (0.5 mM), ethylene- 
diaminetetraacetic acid (3 mm); hydroxylamine (1 mM); hydra- 
zine (1 mM); potassium arsenite (1 mm); N-methylmaleimide 
(1 mM). 

Stability and pH Optimum—The hydrase was relatively stable 
at —15°; thawing after two weeks of storage at this temperature 
gave a solution which retained 90 per cent of the original ac- 
tivity. When dilute enzyme solutions were incubated at 3° for 


18 hours, 20 per cent of the activity was lost over a range of pH 
from 7 to 8 (Fig. 5). 
(Fig. 5). 


Enzyme activity was optimal at pH 8.0 


DISCUSSION 


The hydration of acetylenemonocarboxylic acid could result 
in the formation of two products, pyruvic acid and malonic semi- 
aldehyde. However, it is difficult to conceive of the addition 
of water to an a,6-acetylenic acid with the formation of a car- 
bonyl group at any but the 8 position. The literature on hy- 
dration of these compounds is amply documented with respect 
to the B addition of the negatively charged ion (7). It is there- 
fore to be expected that malonic semialdehyde should be and, 
indeed, was isolated as the product of the enzymatic hydration 
of acetylenemonocarboxylic acid. 

By analogy the formation of pyruvic acid from acetylenedi- 
carboxylic acid would take place by the mechanism outlined in 
Reaction 1 rather than Reaction 2. Although different enzymes 
are involved the hydration mechanism with acetylenedicarboxylic 
acid may be similar to that for the hydration of acetylenemono- 
carboxylic acid. The scheme outlined in Reaction 1 is consistent 
with this interpretation. Reaction 2 supposes an initial decar- 
boxylation to give an enzyme-acetylenemonocarboxylic acid in- 
termediate which, in turn, would be expected to yield malonic 
semialdehyde rather than the observed product, pyruvic acid. 


MATERIALS AND METHODS 


The acetal of malonic semialdehyde ethyl ester was a gift 
from Dr. M. J. Coon and Dr. W. G. Robinson. The free alde- 
hyde was prepared as suggested by Dr. Coon (personal communi- 
cation). All other compounds are commercially available. 

Protein was determined by the method of Lowry et al. (8) 
with crystalline bovine serum albumin used as a standard. 
Chromatograms were developed on Whatman No. 1 paper. 
When evidence for amino acid formation was sought, butanol- 
water-glacial acetic acid (4:1:1) was used as the developing sol- 
vent. 

SUMMARY 


An enzyme, obtained from extracts of a species of Pseudo- 
monas, was active in the hydration of acetylenemonocarboxy lic 
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acid (propiolic acid) with the formation of malonic semialdehyde. acetylenemonocarboxylic acid per minute per mg. of protein. 
Purified preparations catalyze the hydration of 400 umoles of | The mechanism of the hydration is discussed. 
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Coumarin is a naturally occurring constituent of certain for- 
ages, especially clover, and is frequently ingested by livestock. 
It has been widely used as a flavor ingredient in foods and drugs. 
Hazleton et al. (1) have reported recently on the oral toxicity of 
coumarin for rats and dogs. However, little was known con- 
cerning the metabolic fate of this compound in the animal body 
until a recent report by Mead et al. (2) appeared. These workers 
observed hydroxylation and conjugation of coumarin when it 
was given orally to rats and rabbits. They found no evidence of 
ring fission (opening of the heterocyclic ring). In their studies 
approximately 75 per cent of the dose of coumarin was unac- 
counted for. 

The investigations here reported clearly indicate that opening 
of the heterocyclic ring of coumarin takes place. Evidence of a 
species difference between rats and rabbits as regards the hy- 
droxylation of coumarin is also presented. 


EXPERIMENTAL 


Materials and Methods 


Coumarin, 4-hydroxycoumarin, and 7-hydroxycoumarin were 
purchased from commercial sources. A sample of o-hydroxy- 
phenylacetic acid was obtained from Cutter Laboratories. Melli- 
lotic acid (o-hydroxyphenylpropionic acid) was prepared by hy- 
drogenation of o-coumaric acid with palladium as a catalyst. 
Coumarin was converted to o-hydroxy-trans-cinnamic acid 
(o-coumaric acid) by shaking with dilute alkali and freshly pre- 
cipitated mercuric oxide, as described by Seshadri (3). The 
glycine conjugate of o-coumaric acid (o-coumaroylglycine) was 
prepared from acetyl coumaroyl chloride, glycine, and sodium 
carbonate according to the Schotten-Baumann procedure, fol- 
lowed by gentle hydrolysis. Hydrogenation of o-coumaroylgly- 
cine yielded the glycine conjugate of melilotic acid (melilotoyl- 
glycine). ~- Thesynthesis of 3-hydroxycoumarin was accomplished 
by means of a procedure described by Offe and Jatzkewitz (4). 
A sample of o-hydroxyphenyllactic acid was obtained by hy- 
drolyzing 3-hydroxycoumarin with alkali, reducing with sodium 
amalgam, and isolating as the calcium salt from water. All 
compounds were examined for homogeneity by means of the two- 
dimensional paper chromatographic system shown in Fig. 1. 

The procedures used for the collection of urine and for the ex- 
traction and chromatographic separation of its components have 
been described (5). The rats were maintained on a purified 
diet containing the following ingredients (in per cent): sucrose 
71, vitamin-free casein 18, acetoolein 5, salts (U.S.P. XIV) 4, 
and a complete vitamin mixture in dextrose 2. The basic diet 


for the rabbits consisted of corn meal 49, sucrose 10, crude casein 
25, corn oil 4, dried brewers’ yeast 5, salts 4, magnesium oxide 
0.5, and potassium acetate 2.5. 


RESULTS 


Rat Experiments—When adult rats were given 100 mg. of 
coumarin per rat (dissolved in dilute ethanol) by stomach tube, 
there were at least five major areas appearing on the chromato- 
gram which were not present when control urine was similarly 
treated. Three of these areas were readily detected and identi- 
fied as melilotic, o-hydroxyphenylacetic, and o-coumaric acids, 
(Areas 1, 2, and 5, respectively, Fig. 1). Identification was 
based on the similarities between Ry values, behavior under 
ultraviolet light, and color after spraying with diazotized sul- 
fanilic acid (6), when the unknowns were compared with the au- 
thentic compounds. Additional evidence for the identity of 
o-hydroxyphenylacetic acid was based on a comparison of the 
crystallographic properties of an authentic sample with the ma- 
terial isolated from the urine of rabbits which had received cou- 
marin. The isolation procedure is described later. 

An unidentified metabolite of coumarin which gave a blue 
fluorescence but no color when sprayed with diazotized sulfanilic 
acid was observed completely surrounding the melilotic acid 
spot (Area 1). 

The fifth spot, Area 3, Fig. 1, contained at least three sub- 
stances, as became evident after acid treatment (2 N HCl reflux 
for 1 hour) of the corresponding area cut from an unsprayed 
chromatogram. Two-dimensional migration of the ether extract 
of the resulting hydrolysate now produced two spots in addition 
to a small amount of unchanged material remaining at Area 3. 
One of the spots corresponded to o-coumaric acid (Area 5); the 
other was identical in behavior with Area 1, corresponding to 
melilotic acid. The unchanged material was tentatively identi- 
fied as o-hydroxyphenyllactic acid (see under “Rabbit Experi- 
ments’). When an unsprayed chromatogram of the ether ex- 
tract from urine of rats which had received coumarin was set 
aside for a few weeks, Areas 1 and 3 darkened, probably as a 
result of oxidative deterioration. A similar darkening also oc- 
curs when melilotic acid and melilotoylglycine are treated in this 
manner. 

The failure to detect glucuronic acid in the hydrolysate of 
Area 3, suggested the possibility, based on previous work (7), 
that o-hydroxyphenylhydracrylic acid might be the precursor of 
the o-coumaric acid. Hydrogenation of 4-hydroxycoumarin with 
sodium amalgam (with the use of CO, to control pH) yielded 
product whose chromatographic properties were identical with 
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CHLOROFORM ACETIC ACID-WATER (2:1:1) 1 


Color with di- 
No Compound “lltraviolet light sulfa- 
1 (a) Melilotic Acid........ Absorbs Orange 
(b) Unknown............. Blue fluorescence! Colorless 
2 | o-Hydroxyphenylacetic 
3 | (a) Melilotoylglycine..... Absorbs Orange 
(b) o-Hydroxyphenylhy- 
dracrylic acid....... Absorbs Orange 
(c) o-Hydroxyphenyllac- 
ee Absorbs Orange 
4 | Coumaroylglycine........ Tan fluorescence | Orange 
5 | o-Coumaric Acid.......... Tan fluorescence | Orange 
6 | 7-Hydroxycoumarin....... Blue fluorescence| Darkens 
7 | 4-Hydroxycoumarin....... Absorbs Yellow 
8 | 3-Hydroxycoumarin....... Absorbs Yellow 


Fic. 1. Two-dimensional schematic chromatogram of urinary 
metabolites of coumarin. 


those of Area 3. Acid treatment of this compound (2 n HCl 
reflux for 10 minutes) led to the formation of o-coumaric acid. 

Rats, each of which received 100 mg. of o-coumaric acid by 
stomach tube, excreted melilotic acid, o-hydroxyphenylacetic 
acid, o-hydroxyphenylhydracrylic acid, melilotoylglycine, and un- 
changed o-coumaric acid in the urine. The unidentified fluores- 
cent component surrounding the melilotic acid (Area 1) observed 
when rats were given coumarin, was not present when o-cou- 
maric acid was given instead. An additional spot (Area 4, 
Figure 1) was detected after the ingestion of o-coumaric acid. 
After hydrolysis of this area, the ether extract of the hydrolysate 
was chromatographed and o-coumaric acid (Area 5) was identi- 
fied. The substance in Area 4 was found to have the same chro- 
matographic properties as synthetic o-coumaroylglycine. 

When melilotic acid was given to rats (100 mg. each) by stom- 
ach tube the urinary metabolites excreted in the urine were iden- 
tical with those excreted when o-coumaric acid was given. In 
Area 7, Fig. 1, a substance corresponding to 4-hydroxycoumarin 
was found to be present in slight amounts not only when rats 
were given melilotic acid, but also when either coumarin or 
0-coumaric acid was given. 

Finally, rats were given the calcium salt of o-hydroxyphenyl- 
lactic acid by stomach tube (100 mg. each). The only detecta- 
ble metabolite on the chromatogram was o-hydroxyphenylacetic 
acid. Unchanged o-hydroxyphenyllactic acid was also present. 
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Estimates of the amounts of urinary metabolites excreted by 
rats were based on comparisons of spot sizes on chromatograms 
containing appropriate volumes of urine with known amounts (5 
to 10 ug.) of the authentic compounds. Of a total dose of 200 
mg. of coumarin 10 to 15 mg. of o-hydroxyphenylacetic acid 
and 5 to7 mg. of melilotic acid were accounted for in the urine. 
A minimum of 4 to 6 mg. of o-coumaric acid was detected in the 
urine after acid hydrolysis, which included the o-coumaric acid 
obtained by conversion of o-hydroxyphenylhydracrylic acid to 
o-coumaric acid. 

Rabbit Experiments —Rabbits were allowed to adjust to the 
semipurified diet for several days before the addition of cou- 
marin at a level of 0.5 per cent. Urine was collected, acidified, 
subjected to extraction with ether, and chromatographed in the 
same manner as described for rat urine. A major metabolite 
was o-hydroxyphenylacetic acid the identity of which was con- 
firmed by crystallographic comparison of the isolated material 
with an authentic sample. Melilotic acid was also present sur- 
rounded by the unidentified blue fluorescing material previously 
observed in rat urine. Very little o-coumaric acid was detected 
until after Area 3 was refluxed with acid, suggesting that o-hy- 
droxyphenylhydracrylic acid was the precursor. Also present 
on the chromatogram of the ether extract of Area 3 was meli- 
lotic acid, indicating the presence of melilotoylglycine at Area 3. 
Some of the material at Area 3 was resistant to acid hydrolysis 
(2 nN HCl reflux for 1 hour). Synthetic o-hydroxyphenyllactic 
acid was found to be stable to acid hydrolysis and had the same 
Rp values and color with diazotized sulfanilic acid as this acid 
resistant urinary component. 

Relatively large amounts of two metabolites not detected in 
rat urine were 3-hydroxycoumarin and 7-hydroxycoumarin 
(Areas 8 and 6, respectively, Fig. 1). Identification of the two 
hydroxylated derivatives of coumarin was based not only on 
paper chromatographic properties but also on the crystallo- 
graphic properties following their isolation from urine. 

The isolation of o-hydroxyphenylacetic acid, 3-hydroxycou- 
marin, and 7-hydroxycoumarin was accomplished by Soxhlet 
extraction with alcohol of lyophilized unacidified urine from rab- 
bits receiving coumarin orally. The alcohol was removed by 
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Fic. 2. Proposed scheme for the metabolic transformations of 
coumarin and o-coumaric acid. The abbreviations used are: 
o-HPAA, o-hydroxyphenylacetic acid; o-HPPA, o-hydroxyphen- 
ylpyruvic acid; o-HPLA, o-hydroxyphenyllactic acid; and 
o-HPHA, o-hydroxyphenylhydracrylic acid. 
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evaporation and the residue dissolved in aqueous HCl; this solu- 
tion was subjected to extraction successively with carbon tetra- 
chloride and chloroform. The carbon tetrachloride solution was 
decolorized with charcoal and the 3-hydroxycoumarin and 7-hy- 
droxycoumarin were separated by fractional crystallization from 
water. The chloroform extract which contained the o-hydroxy- 
phenylacetic acid was chromatographed on a cellulose column 
with the use of chloroform-acetic acid-water (2:1:1). The o-hy- 
droxyphenylacetic acid was crystallized from the appropriate 
cellulose column eluate. 

When rabbits received o-coumaric acid in the diet (1 per cent) 
an examination of the urine by means of paper chromatography 
revealed results almost identical to those obtained for the rat. 
Thus, in addition to the compound fed, melilotic acid, o-cou- 
maroylglycine, melilotoylglycine, 4-hydroxycoumarin, o0-hy- 
droxyphenylhydracrylic acid, and o-hydroxyphenylacetic acid 
were detected in the urine. Neither 3-hydroxycoumarin nor 
7-hydroxycoumarin was present. 


DISCUSSION 


In Fig. 2 we have attempted to summarize the relationships of 
the various urinary metabolites arising as a result of the opening 
of the heterocyclic ring of coumarin, as well as hydroxylation, 
decarboxylation, and conjugation of coumarin. With the ex- 
ception of o-hydroxyphenylpyruvic acid, all compounds shown 
in Fig. 2 were either isolated or detected chromatographically, or 
both. Formation of o-hydroxyphenylacetic acid is shown to 
take place by two routes. The major route proceeds directly 
from coumarin since greater amounts of o-hydroxyphenylacetic 
acid were excreted by both rats and rabbits after ingestion of 
coumarin than when o-coumaric acid was fed. Intermediates, 
if any exist, have not been identified for this pathway. A sec- 
ond route leading to the formation of o-hydroxyphenylacetic 
acid from o-coumaric acid via o-hydroxyphenyllactic acid and 
o-hydroxyphenylpyruvie acid is equally certain. The possibility 
that o-coumaric acid was converted to o-hydroxyphenylacetic 
acid by way of coumarin can be ruled out since rabbits receiving 
o-coumarice acid did not excrete any 3-hydroxycoumarin or 7-hy- 
droxycoumarin, whereas large amounts of these two compounds 
were found in the urine of rabbits receiving coumarin. Further 
evidence for the secondary pathway was the presence of ap- 
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preciable amounts of o-hydroxyphenylacetic acid in the urine of 
rats to which o-hydroxyphenyllactic acid had been administered. 

Our findings pertaining to the opening of the heterocyclic ring 
of coumarin in the animal body and the absence of 3-hydroxy- 
coumarin and 7-hydroxycoumarin in rat urine after ingestion of 
coumarin are at variance with the report of Mead ef al. (2). An 
explanation of these differences is not readily apparent. These 
workers also suggested that o-hydroxyphenylhydracrylic acid was 
an intermediate in the formation of 4-hydroxycoumarin. Our 
work clearly indicates the presence of appreciable amounts of 
o-hydroxyphenylhydracrylic acid in rat and rabbit urine as well 
as smaller amounts of 4-hydroxycoumarin. 

The formation of o-hydroxyphenylhydracrylic acid from o-cou- 
maric acid may be visualized to proceed simply by the addition 
of water across the double bond, the hydroxyl group going on 
the 8 carbon of the side chain. However, if the hydroxy] group 
goes on the @ carbon of o-coumaric acid a lactic acid derivative 
would be formed. 

The metabolism of m- and p-coumaric acids has already been 
shown to proceed via 8 oxidation to produce the corresponding 
benzoic acid derivatives (7, 8). The absence of salicylic acid in 
the urine after the ingestion of o-coumaric acid suggests that the 
presence of a hydroxyl group ortho to the 3 carbon side chain 
may either inhibit 8 oxidation, or favor decarboxylation to yield 
o-hydroxvphenylacetic acid. Mead et al. (2) also reported the 
absence of salicylic acid as a metabolite of coumarin. 

The interconversion of o-coumaric acid and melilotic acid ap- 
pears to take place readily. A similar condition has been ob- 
served for ferulic and dihydroferulic acids (5). 


SUMMARY 


The finding of o-hydroxyphenylacetic acid in the urine of rats 
or rabbits receiving coumarin orally indicated that opening of 
the lactone ring and decarboxylation had occurred, though by 
an undetermined route. Analternate pathway for the formation 
of o-hydroxyphenylacetic acid involves o-coumaric acid and o-hy- 
droxyphenyllactic acid as intermediates. Some of the o-cou- 
maric acid was converted to o-hydroxyphenylhydracrylic acid 
and 4-hydroxycoumarin. <A species difference was encountered 
in that rabbits excreted 3-hydroxycoumarin and 7-hydroxy- 
coumarin after ingestion of coumarin whereas rats did not ex- 
crete either of these compounds in detectable amounts. 
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Thiourea, a goitrogen (1, 2) and an inhibitor of the iodination 
of tyrosyl groups in the thyroid (3), is itself metabolized by this 
organ. The sulfur of thiourea is converted largely to inorganic 
sulfate (4, 5) and partially to protein-bound sulfur and two un- 
identified sulfur compounds (5). Recently thiosulfate! has also 
been found among the products of the metabolism in vivo of 
thiourea by the rat thyroid. This report will describe a cyto- 
plasmic particulate system in vitro from mammalian thyroid 
which desulfurates thiourea to sulfur-containing products similar 
to those observed tn vivo. 


EXPERIMENTAL 


Materials—S*-thiourea, C'™-thiourea, and S*°-thiocyanate 
were obtained from the New England Nuclear Corporation; the 
specific activities ranged from 15.0 to 40.0 me. per mmole. The 
chromatographically pure compounds were dissolved in triple- 
distilled water, and the solutions were stored at —20°.  S**-sul- 
fide in 0.02 N NaOH, with a specific activity of 4.2 meuries per 
mmole, was obtained from the same source. 

Dehydroascorbic acid, potassium selenocyanate, and 3,4-di- 
chlorophenylserine were kindly furnished by Drs. P. L. Munson, 
J. Wolff, and D. Gilbert, respectively. Thyroglobulin (Prepara- 
tion CH-29, 91921 A) was supplied by Dr. R. L. Kroc of the War- 
ner-Chilcott Laboratories. 

DPNH and TPNH were obtained from the Sigma Chemical 
Company. Wherever necessary, compounds were neutralized 
with potassium hydroxide before use. 

Preparation of Thyroid Cytoplasmic Particulate Fractions— 
Thyroids from freshly killed sheep were obtained at local abat- 
toirs, chilled on ice, and cleaned of extraneous matter. The tis- 
sue was minced with a razor blade and disintegrated with 9 
volumes of 0.25 mM sucrose-0.027 m KHCO; in a chilled Servall 
Omni- Mixer run at half speed for 15 seconds. The mixture was 
ground gently in a chilled homogenizer of the Potter-Elvehjem 
type until a homogeneous suspension resulted. Unbroken cells, 
nuclei, and tissue debris were removed by two successive centrifu- 


* Supported by grants-in-aid (AT-1434) from the National In- 
stitute of Arthritis and Metabolic Diseases, United States Public 
Health Service, by Grant No. MET 37-B from the American Can- 
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Cancer Grant (INST 16 K) to the Massachusetts General Hos- 
pital. 
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gations in a refrigerated International Centrifuge at 600 x g for 
5 minutes. The supernatant fluid (1) was then centrifuged for 
10 minutes at 8,500 x g to collect the “large particles.”” The 
supernatant fluid (11) from the latter centrifugation was centri- 
fuged for 60 minutes at 105,000 x g in the No. 40 rotor of the 
Spinco Preparative Ultracentrifuge to collect the ‘‘small par- 
ticles.” The supernatant solution from this centrifugation is 
designated the “soluble fraction.” For most of the experiments 
described in this paper, supernatant fluid I was centrifuged di- 
rectly for 60 minutes at 105,000 x g, thus collecting all the cyto- 
plasmic particles as one pellet. Pellets were suspended by ho- 
mogenation in 0.1 M Tris,? pH 7.4, containing 0.25 mM sucrose or 
0.15M KCl. A mi. of this suspension contained the particles 
from 1.0 gm. of thyroid tissue. 

Liver and Kidney Particulate Fractions—Male rats weighing 
approximately 150 gm. were decapitated. The liver and kid- 
neys were excised rapidly, minced, and washed free of red blood 
cells and urine by suspending the tissue in a chilled solution of 
(0.25 mM sucrose-0.027 Mm KHCO;. Homogenation and differential 
centrifugation were carried out as above. 

Incubation—The incubation mixture contained the tissue frac- 
tion, S*- or C'-thiourea (approximately 125,000 ¢.p.m. in 50 
mumoles), thiocyanate, ascorbic acid or dehydroascorbic acid, 
and Tris buffer, pH 7.4. The flasks were shaken in a water 
bath at 37° for | hour. The reaction was stopped by placing 
the flasks on ice. 

Analytical Methods—The S**-metabolites were characterized 
by paper chromatography. <A 20-ul. aliquot of the incubation 
mixture and 0.2 umole each of thiourea, thiosulfate, and of thio- 
cyanate carriers were applied along a 1.5-cm. line to Whatman 
No. 1 chromatography paper. Chromatograms were run in an 
ascending solvent system of ethanol-ammonium acetate (1 M), 
pH 7.5 (7.5:3). The radioactive spots along the paper strips 
were located by radioautography with the use of No-Screen x-ray 
film. The carrier spots were identified as follows: thiourea by 
ultraviolet quenching; and thiosulfate and thiocyanate by spray- 
ing with 0.1 N iodine and 10 per cent ferric chloride, respectively. 
A typical chromatogram is shown in Fig. 1A. The percentage 
of each product formed and of thiourea converted was measured 
by cutting up the chromatogram and assaying the radioactivity 
in each area as a percentage of the total number of counts along 
the strip. Blank values were obtained for each experiment from 


? The abbreviation used is: Tris, tris(hydroxymethy])amino- 
methane. 
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Fic. 1. Radioautogram of paper chromatogram run in an as- 
cending solvent system of ethanol-1.0 mM ammonium acetate, pH 
7.5 (7.5:3). A, represents the results obtained after incubation 
as described in the legend of Table I; B, a control, heated at 100° 
for 1 minute. This solvent separates a radioactive spot which re- 
mains at the origin (protein-bound S*>, PBS*5), an inorganic S*5 
spot with an Ry of 0.25 which is a mixture of thiosulfate and sul- 


fate, a thiourea spot with an fy of 0.77, and an unknown spot with 
an Rp of 0.84. The Re of thiocyanate in this solvent is 0.92. 


ORIGIN 


TABLE I 
Requirements for desulfuration of thiourea by thyroid 
cystoplasmic particles 
The complete system contained the thyroid cytoplasmic par- 
ticles (1.56 mg. of protein), 10°? am KSCN, 10-3 m ascorbic acid, 
5X 10°§ mM S**-thiourea, 0.15 mM Tris buffer, pH 7.4, in a final vol- 
ume of 1.0 ml. Incubation, 1 hour at 37°. 


System 
| mpmoles 
Complete system minus ascorbie acid.........000.00. 1.0 
Complete system minus thiocyanate... 
Complete system minus particulate fraction... | 0.5 
Complete system (with heated particulate fraction)... 1.0 


a heated control (Fig. 1B). The S* radioactivity was counted 
by a thin end window Geiger-Mueller tube (window thickness, 
0.9 mg. per cm.’). 

Protein analyses were done by means of the biuret (6) and the 
micro-Kjeldahl methods (7). Iodine was determined by a modi- 
fication of Chaney’s method (8). 

The amount of thiourea desulfurated varied from one prepara- 
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tion to another. However, since the particulate preparation w:s 
stable at 4° for 2 weeks, a number of experiments could be carried 
out with the same material. All experiments were performed at 
least two or three times. Each table represents a typical run. 


RESULTS 


In Table I are set out the requirements for the desulfuration 
of thiourea by cytoplasmic particles from sheep thyroid. It is 
clear that, in addition to the protein, there is a strict requirement 
for thiocyanate and ascorbic acid. 

Characterization of Thyroid Cytoplasmic Particles—The “‘large 
particles” had succinoxidase activity? comparable with that of 
an equal weight of liver mitochondria; the ‘small particles” 
showed no measurable succinoxidase activity. 

Ultracentrifugal analysis! of a twice-washed pellet of “small 
particles” in a medium of 0.25 M sucrose-0.1 M glycylglycine, pH 
7.6, revealed the fraction to be mainly heterogeneous except for 
a small, sharp peak, seo, = 51, probably ribonucleoprotein 
particles (9, 10). The protein-bound iodine content of this frac- 
tion was 0.12 per cent. If this represents thyroglobulin iodine, 
then thyroglobulin (approximate iodine content, 0.5 to 1.0 per 
cent) is only 10 to 20 per cent of the total protein of the “small 
particles.”” An alternative explanation is that this fraction con- 
tains an incompletely iodinated protein, possibly a precursor of 
thyroglobulin. Electron microscopy® (RCA model EMU 3B) of 
a twice-washed pellet of “small particles,’ fixed in osmium te- 
troxide, revealed a heterogeneous mass of components which 
resembled previously described microsomes (11). Electron mi- 
croscopy of the “large particles’? revealed the presence of mito- 
chondria plus components similar to those seen in the sections of 
“small particles.” 

Activity of Various Cytoplasmic Particles of Thyroid—The com- 
bined “large plus small particles” of sheep thyroid were used in 
most experiments, since, as can be seen from Table II, these two 
fractions possess approximately equal activities. The inability 
of the whole homogenate to desulfurate thiourea is due to an 
inhibition by the soluble fraction. This, however, is not a specific 
property of the thyroid soluble fraction, since the corresponding 
fraction of rat liver is equally inhibitory. In both instances, 
coagulation of the soluble proteins destroyed the inhibition. 

Although all fractions contain iodine, there is no clearly per- 
ceptible relationship between iodine content and activity. 

Properties of Thyroid Cytoplasmic Particulate Fraction—The 
system is heat-labile, 1 minute at 100° sufficing to abolish all 
activity. While it is stable at 4° for at least 2 weeks, there is a 
40 per cent loss of activity after 7 days at —20°. Dialysis of the 
preparation overnight at 5° results in no loss of activity. 

Protein Concentration—The desulfuration of thiourea as a func- 
tion of protein concentration is shown in Fig. 2. 

Thiourea—The system is saturated with 40 to 50 mumoles per 
ml. (Fig. 3). 

Thiocyanate—At a concentration of 10-3 M, the system is satu- 
rated (Fig. 4). To date no substitute has been found for 
thiocyanate. Tons tested were cyanate, selenocyanate, methyl- 
thiocyanate, perchlorate, iodide, bromide, chloride, fluoride, 
benzenesulfonate, trichloroacetate, sodium and magnesium Ver- 


3 Kindly assayed by Dr. Arnold F. Brodie. 

4 We are indebted to Dr. Karl Schmid and Miss A. Polis for 
the ultracentrifugal analyses. 

* Performed by Dr. David Spiro. 
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TaBLeE II 
Desulfuration of thiourea by various cytoplasmic fractions of thyroid 
Centrifugal fractionation as described in the ‘‘Experimental.”’ 


The washing medium was 0.15 mM KC1-0.1 m Tris, pH 7.4. Incuba- 
tion conditions as in Table I. 
ug./meg. mumoles/ 
protein mg. protein 
Large plus small particlest.................. | 6.1 
Large plus small particles plus soluble frac- _ | 


* This iodine is considered to be protein bound, since dialysis 
removed none of it. 

+ Washed preparations; on a weight basis, the protein in this 
incubation was half ‘‘large particles’’ and half ‘‘small particles.” 

t Similar to t, plus 1.7 mg. of soluble fraction protein. 


senate, 1,10-0-phenanthroline, urea, cysteine, glutathione, and 
tyrosine. 

Lt-Ascorbic Acid—The saturation concentration of ascorbic 
acid is 10-3 mM (Fig. 5). It can be replaced by equimolar con- 
centrations of dehydroascorbic, d-isoascorbic acid, or DPNH. 
TPNH is inactive. Hydroquinone, dichlorophenolindophenol, 
and methylene blue are 30 to 50 per cent effective. Cysteine 
and reduced glutathione are inactive. Attempts were made to 
replace ascorbic acid with metal ions, Cut, Fe+*, and Mn**, but 
all of these salts produced a nonenzymatic desulfuration of thio- 
urea. 

Anaerobiosis—The desulfuration of thiourea was inhibited to 
the extent of SO per cent by anaerobiosis. 

pH Optimum—The pH optimum was found to be 7.2 to 7.4. 

Kinetics—The desulfuration of thiourea has a maximal rate 
during the first 30 minutes (Fig. 6). This rate varied from prep- 
aration to preparation, ranging from 125 to 420 mumoles per gm. 
of thyroid per hour. This approximates the rate in vivo in rats 
of about 250 mumoles per gm. of thyroid per hour.! 

Liver and Kidney Tissues—The particulate fractions of rat 
liver and kidney desulfurated only an insignificant amount of 
thiourea (Table III). Negative results were also obtained when 
thyroglobulin, @8-lactoglobulin, or crystalline bovine albumin 
served as the protein source. 

Reaction Products—S**-thiourea is converted chiefly to protein- 
bound S** (about 54 per cent of the products), thiosulfate (27 per 
cent), sulfate (9 per cent), and an unidentified compound (10 
per cent) (Fig. 1). 

Protein-bound S**—The reasonable conclusion that the S** is 
bound to protein stems from the following observations: (a) the 
radioactivity precipitates along with the protein on denaturation 
with trichloroacetic acid; (6) the radioactivity is nondialyzable; 
and (c) the radioactivity does not separate from the protein under 
a variety of conditions of paper chromatography and paper elec- 
trophoresis. 
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Fic. 2. The amount of thiourea desulfurated as a function of 
the protein concentration. The preparation was washed once in 
a medium of 0.15 m KCI1-0.1 m Tris, pH 7.4. Incubation conditions 
as in Table I. 
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Fic. 3. The amount of thiourea desulfurated as a function of 
the substrate concentration. Incubation conditions as in Table I. 


Attempts were made to identify this protein by paper electro- 
phoresis with the use of Whatman No. | paper, barbital buffer 
(0.12 m), ionic strength 0.1, pH 8.6, and 125-150 volts for 18 
hours. The paper was dried in an oven for 30 minutes at 100° 
and then stained with Amido Schwartz (Bender & Hobein, 
Munich, Germany). The protein-bound S** does not move in 
this electrophoretic system, in contrast to thyroglobulin which 
travels between serum a-globulin and albumin. Solubilizing 
the protein-bound S** with sodium desoxycholate (1 or 4 per 
cent) at 37° for 2 hours led to the movement of only a small 
portion of the protein along with its radioactivity. The mobility 
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Fic. 4. The amount of thiourea desulfurated as a function of 
the concentration of thiocyanate. Incubation conditions as in 
Table I. 
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Fic. 5. The amount of thiourea desulfurated as a function of 
the ascorbic acid concentration. Incubation conditions were the 
same as in Table I. 


of this small fraction varied, but was not that of thyroglobulin 
similarly treated with sodium desoxycholate. Unlike thyro- 
globulin, only a very small fraction of the protein-bound S* is 
extracted by isotonic saline. 

Attempts were made to determine the nature of the sulfur 
bound to protein. It was possible to demonstrate that the in- 
tact thiourea molecule does not become attached to protein. 
When C-labeled thiourea was incubated in place of the S*5- 
thiourea, no protein-bound C"™ was found after incubations rang- 
ing from zero to 60 minutes. Hence, only the sulfur portion of 
thiourea becomes attached to protein during the course of the 
reaction. C’4-urea was identified as one of three C'*-labeled 
products formed during this incubation; cyanamide was not one 
of the products. 

Dialysis of the protein-bound S** for 24 hours at 4° against 
water, Tris buffer, or sodium chloride results in the loss of less 
than 5 per cent of the radioactivity. The S* is not displaced by 
reincubation of the protein-bound S** with nonradioactive thio- 
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Fic. 6. The amount of thiourea desulfurated as a function of 
time. Incubation conditions as in Table I, except that dehydro- 
ascorbic acid (10-* m) was used in place of ascorbic acid. 


TaBLE III 
Desulfuration of thiourea by cytoplasmic particulate fractions 
of sheep thyroid and rat liver and kidney 
Centrifugal fractionation as described in the ‘‘Experimental.” 
Incubation conditions as in Table I. 


Tissue particles Phe 
mumoles /mg 
protein 
Thyroid, large plus small particles.................. 5.9 
Liver, large plus small particles*................... 0.6 
Kidney, large plus small particles*................. 0.5 


* Results were similar whether these fractions were tested 
separately or together. 


urea (10-? mM), sulfide (5 & 10-* M), or sulfate (10-2 m) at 37° for 
30 minutes. After 2 weeks in solution at 4° 80 per cent of the 
radioactivity remains attached to the protein. The protein- 
bound S* also resists the action of 1 N HCl at room temperature 
for 2 hours. 

On the other hand, it was possible to remove the sulfur label 
from the protein-bound S** by simple incubation of the latter mix- 
ture at room temperature for 2 hours with certain alkaline re- 
agents, such as cyanide (0.01 m), bisulfite (0.01 m), or 0.1 N sodium 
hydroxide. The products were identified by paper chromatog- 
raphy and by the system of paper electrophoresis described below. 
These alkaline reagents displaced 60 to 80 per cent of the radio- 
activity from the protein. Thiocyanate was the major product 
resulting from the reaction with cyanide, while sulfite gave a 
good yield of thiosulfate. Sulfite was found as a product of the 
incubation with NaOH. These data suggest that the S** exists 
on the protein at more than one level of oxidation. About 20 
per cent of the radioactivity was not removed by these alkaline 
reagents. 

Inorganic S** Spot—The heterogeneity of the inorganic S*> was 
established by paper electrophoresis with the use of thin What- 
man No. 31 paper, Tris-citrate buffer (0.06—0.03 m), ionic strength 
0.18, pH 7.0, 1000 volts for 35 minutes (12). This method sep- 
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arates sulfite with a mobility of 15.0 cm., sulfate with a mobility 
of 19.0 cm., and thiosulfate with a mobility of 21.0 cm. under a 
potential gradient of 16.7 volts per cm. Sulfite and thiosulfate 
were identified by spraying the paper with 0.1 n alcoholic iodine; 
sulfate by using S*-labeled sulfate as a marker. The inorganic 
S*5 spot was found on electrophoresis to consist of thiosulfate and 
sulfate in the proportion of 3:1. Thiocyanate has the same 
mobility as sulfate in this system, but is easily separated from it by 
paper chromatography (Fig. 1). 

Experiments with S*> Sulfide—The possibility was considered 
that the desulfuration of thiourea might result from a preliminary 
hydrolysis to inorganic sulfide followed by oxidation of the latter 
in the manner described by several investigators (13-19). To 
test this point, labeled sulfide (50 mumoles) was incubated in the 
usual way with tissue preparations from sheep thyroid and rat 
liver and kidney. It was found that sulfide was transformed to 
approximately the same extent in all these systems to yield thio- 
sulfate and protein-bound S**. Since oxidation of sulfide, in these 
small amounts, occurred as well in the absence of protein, the 
process is clearly nonenzymatic. 

These experiments, however, revealed certain important dif- 
ferences between the reactions of thiourea and sulfide. The lat- 
ter was found to give rise to no detectable amount of sulfate, 
whereas thiourea formed small, but reproducible, quantities of 
this ion. Furthermore, the presence of mersalyl (10-* m) had a 
profound effect on the reaction of sulfide, completely inhibiting 
the formation of protein-bound S*5, while the conversion of thio- 
urea-sulfur to protein-bound S** was barely affected (25 per cent 
inhibition). For these reasons, the desulfuration of thiourea is 
thought to proceed by way of direct transfer of sulfur to protein 
and not via preliminary hydrolysis to inorganic sulfide. 

Inhibitors—The desulfuration of thiourea was found to be in- 
hibited by iodide, cyanide, azide, sulfide, a number of thiol com- 
pounds, and several aromatic antithyroid substances. These 
and a number of other common enzyme inhibitors are listed in 
Table IV. Of considerable interest is the fact that, of the halides, 
only iodide is inhibitory, and that this inhibition is partially re- 
versed by increasing the thiocyanate concentration. Thiosul- 
fate is inhibitory but not at the low concentration produced in 
the desulfuration reaction. There is no inhibition by 3,4-di- 
chlorophenylserine which is reported to be a specific copper- 
enzyme inhibitor (20). 


DISCUSSION 


This study describes a cytoplasmic particulate system derived 
from thyroid tissue which is capable of desulfurating thiourea 
and oxidizing the sulfur to inorganic sulfate. This system is 
heat-labile, nondialyzable, and pH dependent. Particulate frac- 
tions from liver and kidney, prepared and incubated in a similar 
manner, are much less active. This difference is also apparent 
in vivo; the thyroid can metabolize a much greater quantity of 
thiourea than an equal weight of liver (5). 

Several of the sulfur products formed in the experiments in 
vitro are the same as those found in vivo. The major product 
of the metabolism in vivo of thiourea in the thyroid is inorganic 
sulfate (4, 5), but protein-bound sulfur (5) and thiosulfate! are 
alsofound. The system in vitro, however, produces mainly pro- 
tein-bound sulfur, along with some thiosulfate and sulfate. 

From the experiments with labeled sulfide, it is concluded that 
the desulfuration of thiourea does not result from the hydrolysis 
to inorganic sulfide. On the contrary, it appears that sulfur is 
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TABLE IV 
Inhibition of desulfuration of thiourea 
Incubation conditions as in Table I. 


Concentration Inhibition 

M % 

Iodide 1 xX 10-3 78 
1 xX 10-4 22 

All other halides 4X 5 
Cyanide 1 X 10-4 91 
1 10-5 30 

Azide 1X 10° 84 
Sulfide 5 X 10 82 
1 xX 4 

Cysteine 1 X 10-3 94 
Diethyldithiocarbamate 1 xX 93 
Glutathione (reduced) 5 X 10-4 80 
Thiosulfate 1X 10°3 88 
4X 10°* 0 

Bisulfite 1X 10-4 92 
1 X 6 

Urea 1X 10-3 0 
Sulfate 1 X 10°? 14 
Sulfanilamide 4X 10-3 46 
Sulfadiazine (Na salt) 4X 10° 38 
p-Aminobenzoic acid 4X 52 
Dinitrophenol 1 X 10-3 4 
Arsenite 1 X 10-3 0 
Dichlorophenylserine 1 xX 10-3 0 
Hydroxylamine 1 xX 10°3 0 
Antimycin A 1X 10-4 0 
Mersalyl 1X 10-4 0 
Perchlorate 1X 1 


transferred directly from thiourea to thyroid protein; and only 
thyroid, of the tissues tested (Table III), is capable of dissociat- 
ing the sulfur atom from thiourea and converting it to the in- 
organic state. The desulfuration reaction is inhibited by in- 
organic iodide and the aromatic antithyroid compounds, but not 
by perchlorate. This is the same pattern of inhibition observed 
in the iodination of tyrosyl groups by thyroid cytoplasmic par- 
ticulates (21). 

Astwood (22) has already demonstrated that the effective sul- 
fur-containing goitrogens invariably have a thiocarbamide group 
as a feature of their molecular constitution. From the present 
study, the possibility emerges that it is the cleavage of the car- 
bon-sulfur bond, by thyroid tissue, that underlies the antithy- 
roidal activity of these compounds. 

Thiocyanate is a specific requirement for the desulfuration in 
vitro of thiourea. Noteworthy is the fact that perchlorate can- 
not replace thiocyanate even though it is 10 times as active as 
an inhibitor of the concentration of iodide by the thyroid (23). 
Moreover, it is significant that, of the halide ions, only iodide is 
inhibitory; the partial reversibility of this inhibition by increasing 
the concentration of thiocyanate is in accord with the well estab- 
lished competition between these two anions in thyroid phys- 
iology (22). These facts raise again the question as to a possible 
role of thiocyanate in the normal metabolism of the thyroid (24). 

Although it has been reported that thiocyanate is oxidized to 
sulfate in the rat thyroid (25), no such oxidation tn vitro, with S*5- 
labeled thiocyanate added, was demonstrable under the present 
experimental conditions. 
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The function of ascorbic acid in the desulfuration of thiourea 
appears to be less specific, since it can be replaced by dehydro- 
ascorbic acid, d-isoascorbic acid, and DPNH. TPNH, an es- 
sential cofactor in the deiodination in vitro of monoiodotyrosine 
and diiodotyrosine by thyroidal microsomes, does not replace 
ascorbic acid (26, 27). The requirement for a reducing agent is 
reminiscent of similar requirements in the enzymatic oxidation 
of tyrosine (28, 29) and various drugs (30). 

A considerable effort was made to identify the protein in the 
thyroid cytoplasmic particles to which the S** becomes attached; 
more specifically, it seemed important to know if this protein 
might be thyroglobulin. From its electrophoretic and ultra- 
centrifugal behavior, its iodine content, and its very limited 
extractability into isotonic saline, it appears that the major part 
of the protein-bound S* is not sulfur-labeled thyroglobulin. 
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SUMMARY 


A cytoplasmic particulate system, derived from sheep thyroid, 
has been described which desulfurates thiourea in the presence of 
thiocyanate and a reducing agent, such as ascorbic acid. The 
system is heat-labile, nondialyzable, and pH dependent. Partic- 
ulate fractions from rat liver and kidney are inactive. 

The sulfur products of this system in vitro are protein-bound 
sulfur, thiosulfate, and sulfate. The protein-bound sulfur is ap- 
parently not sulfur-labeled thyroglobulin. 
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Much has been learned in the past several years of the func- 
tion of complex pteridine-containing cofactors in the metabolism 
of single carbon units. However, few reactions are presently 
known which involve enzymatic alteration of the pterin ring 
system itself. Our approach to a study of this problem has 
been first to search, by enrichment culture techniques, for bac- 
terial strains which metabolize pteridines, and then to investi- 
gate the detailed metabolic pathway with enzymes obtained 
from these bacteria. In this paper we report the isolation of an 
organism, Alcaligenes metalcaligenes, which can utilize 2-amino- 
4-hydroxypteridine-6-carboxylic acid as a source of carbon and 
nitrogen. Extracts of the bacteria contain an enzyme that cata- 
lyzes the hydrolytic deamination of many of the naturally oc- 
curring 2 - amino - 4 - hydroxypteridines (pterins) yielding the 
corresponding 2,4-dihydroxy compounds (lumazines), as illus- 
trated by the following generalized reaction: 


H.N 


C C C 
be 
| 
C C C 
I +'NH; 


OH 


(The chemical nature of R is discussed in the text.) 

A spectrophotometric method of assay of the reaction is de- 
scribed, and a procedure for the partial purification of the en- 
zyme is reported. Several of the properties of the enzyme, 
including some indication of its substrate specificity, are also 
presented. The name pterin deaminase is proposed for this new 
enzyme, 


* A preliminary account of this work has been presented (1). 

+t Present address, Department of Biological Chemistry, Uni- 
versity of Michigan School of Medicine, Ann Arbor, Michigan. 

t Present address, Department of Medical Chemistry, Kyoto 
University School of Medicine, Kyoto, Japan. 


METHODS AND MATERIALS 


Isolation and Cultivation of Microorganism—The organism! 
was originally obtained from a soil suspension enriched, under 
aerobic conditions, with pterin carboxylic acid? as the sole source 
of nitrogen and carbon. Extremely feeble growth was observed 
at 25° after an incubation period of 5 days. The pterin car- 
boxylic acid-utilizing strain of microorganism was purified by 
several transfers of the culture to fresh, sterile media. Growth 
at this stage, however, was still exceedingly poor. A small 
quantity of cells was harvested by centrifugation and disrupted 
by grinding the pellet of bacteria with alumina. When this 
material was extracted with phosphate buffer (pH 6.3) and added 
to a quartz cuvette containing a solution of pterin carboxylic 
acid, distinct spectral alterations were observed between wave 
lengths 260 and 380 my (Fig. 1). 

To study further the nature of this action, it was necessary to 
modify the culture conditions for the organism in order to ob- 
tain a sufficient yield of bacterial mass. The addition of glu- 
cose, broth and yeast extract to the medium greatly enhanced 
growth and resulted in cells, extracts of which still possessed 
comparable ability to attack pterin carboxylic acid. Further, 
by completely omitting the pteridine and supplementing the 
medium with inorganic ammonium salts, the growth of bacte- 
rial cultures remained excellent. Extracts of these cells still con- 
tained pterin deaminase in good quantity. The medium there- 
after employed was prepared in the following manner. K-,HPO, 
(1.5 gm.), KH2PO, (0.5 gm.), MgSO,-7 H.O (0.2 gm.), NH,NO; 
(2.0 gm.), Difco Nutrient Broth (5.0 gm.), and Difeo Yeast 
extract (0.1 gm.) were dissolved in 500 ml. of tap water plus 
450 ml. of glass-distilled water. Dextrose (0.2 gm. in 50 ml. 
of distilled water) was sterilized separately and subsequently 
added aseptically to the above autoclaved mixture just before 
the introduction of a few ml. of an inoculum of the organism. 

Preparation of Cell-free Extracts—The bacteria were grown at 
25° for approximately 55 hours with moderate aeration in 20-1. 
carboys each containing 10 1. of media. Cells were harvested 
with the aid of a Sharples Super centrifuge and washed several 
times with cold distilled water. The packed cells could be stored 
in this condition at —60° for at least 4 months without appreci- 


1 ATCC No. 13270. We are greatly indebted to Dr. Bruce 
Bellomy of the Clinical Pathology Department, National Insti- 
tutes of Health, for his successful effort in the identification of 
the organism as Alcaligenes metalcaligenes. 

2 The abbreviations used are: pterin carboxylic acid, 2-amino- 
4-hydroxypteridine-6-carboxylic acid; lumazine carboxylic acid, 
2,4-dihydroxypteridine-6-carboxylic acid; Tris, tris(hydroxy- 
methyl)aminomethane; p-Cl-Hg-benzoate, p-chloromercuriben- 
zoate. 
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Fic. 1. Spectral alterations resulting from incubation of bac- 
terial extract with pterin carboxylic acid. Cuvette contained 
0.065 umole of pterin carboxylic acid, 90 wmoles of K-phosphate 
buffer, pH 6.3, and 0.12 ml. of protamine-treated extract (step 1) 
in a final volume of 1.0ml. Temp. = 23°. Spectra were obtained 
at the start (Curve 1), and after 1, 2.5, and 7 hours of incubation 
(Curves 2, 3, and 4, respectively). Readings were taken with the 
Cary recording spectrophotometer, against a control cuvette in 
which the substrate was omitted. 
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Fic. 2. Ammonia formation accompanying the decrease in 
absorption of pterin carboxylic acid at 290 my. Pterin carboxylic 
acid, 2.8 umoles, K salt, were incubated with 560 umoles of K-phos- 
phate buffer, pH 6.3, and 1.5 ml. of a well dialyzed deaminase 
preparation from step 4. Final volume, 7.5 ml. Absorbance 
measurements were obtained on 0.25-ml. aliquots diluted to 1.0 
ml. with water. Points represent samples taken out at 2, 6, 12, 
and 22 hours, respectively, and assayed against control samples 
from a similar vessel incubated in the absence of pterin carboxylic 
acid. 


able loss of pterin deaminase activity. Extracts were prepared 
by suspending 1 part, by weight, of cells in 1.8 parts of 0.05 m 
potassium phosphate buffer, pH 7.0, and disrupting the bacterial 
mass, in batches of 30 ml. for 25 minutes at 2°, in a Raytheon 
10 KC sonic oscillator. The resulting material was centrifuged 
for 30 minutes at 2° in the Servall SS-1 centrifuge at 20,000 x g. 
The supernatant fluid was carefully decanted and submitted to 
the fractionation procedures described under “Experimental and 
Results.” 
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Pteridine Compounds—Pterin carboxylic acid was prepared by 
the alkaline permanganate oxidation of pteroyl] glutamic acid 
(Mann Chemical Company) as described by Weygand and 
Schaefer (2). To purify the resulting material as well as to ob- 
tain it in a form more water soluble than the free acid, the com- 
pound was first converted to its cyclohexylamine salt by addi- 
tion of a slight excess of cyclohexylamine (Eastman Chemica] 
Company) to a solution of the crude acid at pH 10. The clear 
mixture was chilled in ice, and several hours later a crop of white 
crystals of the salt was filtered and washed briefly with cold 
water. The free acid was then regenerated by acidification of a 
solution of this salt. After chilling to 0°, the white, flocculent 
precipitate was collected by centrifugation and once again con- 
verted to the cyclohexylamine salt by the same procedure as 
above. The crystalline product was washed thoroughly with 
small portions of cold water and cold acetone and then dried in 
a vacuum. When required, the salt was freed of cyclohexyla- 
mine by dissolving 200-mg. quantities of it in 5 ml. of water 
and passing this solution through a column (0.8 XK 6.0 cm.) of 
Dowex 50 resin in the potassium form. The initial eluate usu- 
ally contained over 75 per cent of the pterin carboxylic acid 
(determined spectrophotometrically) and gave no reaction for 
cyclohexylamine or ammonia with Nessler’s reagent. This solu- 
tion of the potassium salt of pterin carboxylic acid was freshly 
prepared every few weeks and stored at 0°. It was used in most 
of the experiments involving this pteridine reported below. 

Pteroyl glycine and pteropterin (pteroyl triglutamic acid) 
were gifts of Dr. G. M. Briggs and Dr. Barbara Wright, respec- 
tively. All of the other pteridines used in this study were gen- 
erously supplied from the Lederle Division of the American 
Cyanamid Company, through the courtesy of Drs. H. P. Bro- 
quist and R. B. Angier. For assay, about 2.5 mg. of pteridine 
were dissolved in 5 ml. of 0.05 m potassium phosphate buffer, 
pH 6.3. Those which were not sufficiently soluble at this pH 
were dissolved in 5 ml. of 0.05 m Tris buffer, pH 9.0, with warm- 
ing if necessary. 

Analytical Methods—Ammonia liberation from the pteridines 
was assayed by the Conway micro-diffusion technique (3), meas- 
uring the trapped ammonia by direct nesslerization. 

Protein was determined spectrophotometrically by the method 
of Warburg and Christian (4). 

Guanase activity was determined essentially by the method 
of Roush and Norris (5). 


EXPERIMENTAL AND RESULTS 


Nature of Reaction*—When protamine-treated extracts of A. 
metalcaligenes were incubated in a cuvette for several hours with 
pterin carboxylic acid and 0.1 m phosphate or Tris buffer, pH 
6.3, a distinct and graded pattern of spectral changes was ob- 
served (Fig. 1). These shifts in absorption were characterized 
by three major spectral alterations: (a) a large decrease in ex- 
tinction between 270 and 300 my, (b) a moderate decrease from 
345 to 380 my, and (c) a relatively smaller increase between 310 
and 340 mu. No change in the spectrum of pterin carboxylic 
acid was noted when the bacterial extract was omitted from the 


3 Initial investigations upon pterin deaminase were carried out 
employing pterin carboxylic acid as substrate. Subsequently, 
many of the observations described in this section were repeated 
with 2-amino-4-hydroxy-6-methy] pteridine and pteroyl glutamic 
acid. Results with the latter substrates were complementary in 
all respects to those obtained with pterin carboxylic acid, but 
for the sake of brevity only the details of the experiments with 
pterin carboxylic acid are presented. 


a 
fe 
0 
d 
Pp 
Ci 

0 

li 

Pp 
( 

a 

q 
T 

ol 
al 

c 
Vi 
Vv 

i 

t 

Sl 

p 


April 1959 


cuvette or when a heated extract (held at 100° for 3 minutes) 
was added in place of the nonheated enzyme preparation. 

When viewed under a lamp emitting ultraviolet light, reaction 
mixtures containing enzyme, pterin carboxylic acid, and buffer 
exhibited a bright blue fluorescence at the start of incubation, 
which was replaced by a yellow-green fluorescence as the re- 
action proceeded to completion. Preliminary paper chromato- 
graphic studies (solvent: 3 per cent NH,Cl) of the ultraviolet- 
fluorescing components in deproteinized incubation mixtures 
showed that this yellow-green fluorescence was due to a single 
substance which comprised by far the majority of the total flu- 
orescing material present. Chromatography of a synthetic 
sample of lumazine carboxylic acid revealed that this lumazine 
derivative possessed the same fluorescence characteristics and 
mobility in this solvent system as did the product of the enzy- 
matic reaction. 

Ammonia was detected as an additional product of this re- 
action. With more purified enzyme preparations, ammonia 
formation was observed to proceed at a rate directly proportional 
to that of the change in absorption of the pterin substrate (Fig. 
2), thus suggesting that these two processes were indeed inter- 
related. Isolation and chemical characterization of the deami- 
nated pterin product, described below, provided direct evidence 
of the nature of the enzymatic reaction. 

Isolation and Identification of Reaction Products—2 ,4-Dihy- 
droxypteridine-6-carboxylic acid: Freshly-prepared extract, 27 
ml., was added to 120 ml. of 0.01 m sodium phosphate buffer, 
pH 7.0, containing 125 mg. of the cyclohexylamine salt of pterin 
carboxylic acid. The mixture was layered over with 10 ml. of 
toluene and incubated at 23°. Samples were removed at several 
intervals during the following 48 hours to determine the extent 
of the reaction. This was done by measuring the decrement in 
light absorption at 290 my versus a control sample containing 
only extract and buffer. After the reaction had reached com- 
pletion (48 hours), the toluene was removed and the incubation 
mixture acidified with 15 ml. of 20 per cent trichloroacetic acid. 
Protein was removed by centrifugation and the supernatant 
solution passed through a column of Dowex 50 ammonium form 
resin (1.0 X 9.5 cm.). The main portion of the ultraviolet- 
absorbing material remained upon the resin and was subse- 
quently eluted by passage of 70 ml. of water through the column. 
This latter fraction was then treated with 3 ml. of a 20 per cent 
suspension of Nuchar at 35° for 5 minutes. The charcoal was 
sedimented by centrifugation, washed seven times with a total 
of 50 ml. of water, and finally eluted with 8 ml. of ethanol: water: 
ammonium hydroxide (concentrated), 40:20:5, at room tem- 
perature. The charcoal was removed by filtration. After 
chilling the filtrate in ice for several hours, the flocculent, pale 
yellow precipitate which formed was centrifuged and dried in a 
vacuum. The resulting 25 mg. of crude product were dissolved 
in 22 ml. of water, the solution clarified by centrifugation, and 
the acid precipitated by the addition of 4 ml. of 0.1 N HCl. The 
suspension was chilled for several hours and filtered. The 
precipitate was washed with cold acetone and dried in a vacuum. 
The yield of white, microcrystalline solid equaled 19 mg. 


Analysis‘ 
C,H,O iN 4° H 20 


Calculated: C 37.2, H 2.67, N 24.7 
Found: C 36.9, H 2.83, N 24.0 


‘ Analyses were carried out by Dr. W. C. Alford of the National 
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TABLE I 

Characterization of pterin carborylic acid product 

Rr 
Compound Fluorescence phos Ethe. 
NHAC! | Buffer, | ‘acetic 
5.8| acid 
Pterin carboxylic acid. ..... Blue 0.50 | 0.55 | 0.43 
Lumazine carboxylic acid...| Yellow-green | 0.65 | 0.67 | 0.62 

Pterin carboxylic acid prod- 

Yellow-green | 0.65 | 0.67 | 0.60 


The absorption spectra of the isolated product in 0.1 m phosphate 
buffer, pH 6.3, and in 0.1 m NH,OH were identical with those 
of synthetic lumazine carboxylic acid at all wave lengths be- 
tween 220 and 380 my. The isolated compound also possessed 
the same Ry values and fluorescence on paper chromatograms 
as the authentic sample of the lumazine (Table I). No fluo- 
rescent or ultraviolet-absorbing impurities were detectable on 
these chromatograms. 

2-Hydroxy-(2-deamino)-pteroyl glutamic acid: With pteroyl 
glutamic acid as the substrate, an extract of A. metalcaligenes 
catalyzed the formation of a new pterin. The product was ob- 
tained from an incubation mixture consisting of 177 mg. of pteroyl 
glutamic acid and 25 ml. of a freshly prepared sonic extract in 
120 ml. of 0.01 m sodium phosphate buffer, pH 7.0. After an 
incubation of 48 hours at 23°, protein was precipitated by the 
addition of 17.5 ml. of 20 per cent trichloroacetic acid, and the 
pteridine product was isolated by much the same procedure as 
described for lumazine carboxylic acid in the preceding section. 


Analysis‘ 
CigHisO7N 


Calculated: C 51.6, H 4.10, N 19.0 
Found: C 51.1, H 4.08, N 18.9 


The absorption spectra of the isolated compound in 0.1 m phos- 
phate buffer, pH 6.3, and in 0.1 m NH,OH were identical with 
those of synthetic 2-hydroxy-(2-deamino)-pteroyl glutamic acid 
at all wave lengths between 220 and 380 mu. On paper chro- 
matograms (solvent: 3 per cent NH,Cl), the enzymatic product 
migrated with an Ry of 0.54, identical with that of the authentic 
sample of the lumazine. No impurity absorbing or fluorescing 
under ultraviolet light could be detected on these chromatograms. 

Quantitation of Spectral Data—The identification of the cor- 
responding 2,4-dihydroxypteridines as products of the action 
of the bacterial extract upon pterin carboxylic acid and pteroyl 
glutamic acid furnished evidence that the nature of the reaction 
was that of an enzymatic deamination occurring at carbon 2 of 
the pterin substrates. To obtain quantitative information from 
the various spectral shifts noted during the course of action of 
the deaminase, complete ultraviolet-absorption spectra were 
determined in 0.1 m potassium phosphate buffer, pH 6.3, with 
solutions of pterin carboxylic acid and lumazine carboxylic acid 
of known concentration. These data are presented in graphic 
form in Fig. 3. Included are the values of the change (AE) in 
the molar extinction coefficient calculated for the wave lengths 
where the maximal difference spectrum is observed (i.e. at ap- 
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Fic. 3. Absorption spectra of pterin carboxylic acid and luma- 
zine carboxylic acid at pH 6.3 as a basis for the spectrophoto- 
metric assay of pterin deaminase. —-—, spectrum of pterin car- 
boxylic acid, - - -, spectrum of lumazine carboxylic acid. 
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Fic. 4A. Proportionality of deaminase activity to time. 4B. 
Reaction rate as a function of enzyme concentration. Conditions 
as described in text. 
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TaBLe II 
Purification of plerin deaminase: removal of guanase 


Specific activityt | 


Step* Yield Pterin , | B/A 


_deami- | Guanase | 

| nase 

(A) 
(100) «1.0 210-210 
siifate............ g2 | 1.31 290 | 220 
4A. Alkaline ammonium sulfate... 45 13 230 18 

Of | 13 8 0.6 


* Procedures described under ‘‘Experimental and Results.’’ 
+ Units per mg. protein. 
t Three weeks at 0° in 0.1 m Tris buffer, pH 9.0. 


proximately 290, 325, and 360 mu). These values thus represent 
the increment (or decrement) in optical density which would be 
observed, at the given wave length, for the hydrolytic deamina- 
tion of 1 mmole of pterin carboxylic acid in a volume of 1.0 ml. 
at pH 6.3. 

Assay of Pterin Deaminase—A spectrophotometric assay of 
pterin deaminase activity was devised, based upon the shifts in 
the spectrum of pterin carboxylic acid accompanying the con- 
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version of the 2-amino group to the 2-hydroxyl group at pH 
values ranging about neutrality. The determination is_per- 
formed at 23° in a 1-cc. Beckman quartz cuvette with a light 
path of 1.00 em. Typical assay conditions are as follows: 

Pterin carboxylic acid (2.0 wmoles per ml.), 0.05 ml. 

0.1 m potassium phosphate buffer, pH 6.3, 0.80 ml. 

Pterin deaminase preparation, 0.02 to 0.15 ml. 

Water, up to a final volume of 1,0 ml. 

Reaction is begun by addition of enzyme, and readings of optical 
density are taken every 3 minutes thereafter. (The control 
cuvette contains buffer and enzyme, but no pterin carboxylic 
acid.) With crude preparations, light measurement at 360 my 
is employed. However, with more purified fractions of the de- 
aminase, it is possible to follow the course of the reaction at 290 
my (the wave length at which there is observed the largest AE 
value between substrate and product (Fig. 3)). Linearity with 
time is observed for 30 minutes or longer, (Fig. 4A) depending 
upon the rapidity with which pterin carboxylic acid is deam- 
inated. Linearity with respect to enzyme concentration is 
illustrated in Fig. 4B. <A unit of activity is defined as that 
quantity of enzyme which, under these conditions, will catalyze 
the deamination of 1 myumole of pterin carboxylic acid in 10 
minutes. 

Purification of Pterin Deaminase—In Table II are presented 
the results of a partial purification of pterin deaminase activity 
from extracts of A. metalcaligenes. An over-all purification of 
20-fold was achieved, with a yield of 22 per cent. All steps 
were performed at 0-2° unless otherwise indicated. 

Step 1: Treatment of extract with protamine sulfate—127 ml. 
of extract (8900 units, specific activity = 1.0) were treated, 
dropwise, with 60 ml. of a 1 per cent solution of protamine sul- 
fate (Ili Lilly and Company) in 0.05 m potassium phosphate 
buffer, pH 7.0, with stirring over a period of 10 minutes. The 
suspension was stirred for an additional 10 minutes and then 
centrifuged for 20 minutes at 20,000 x g. The supernatant 
solution (170 ml.) contained the major portion of the deaminase 
(7300 units, specific activity = 1.3). 

Step 2: First heat inactivation step—The enzyme solution 
from Step 1 was placed in a 750-ml. Erlenmeyer flask, rapidly 
warmed to room temperature, and treated with 34 ml. of 1.3 m 
potassium chloride. The flask and contents were immersed in a 
water bath maintained at 60°, and held at this temperature with 
gentle agitation of the solution for 7 minutes. The mixture was 
chilled in ice and denatured protein removed by centrifugation. 
The resulting pale yellow supernatant solution (170 ml.) con- 
tained 6670 units of enzyme with a specific activity of 3.0. 

Step 3: Treatment with activated charcoal—The preparation 
from Step 2 was warmed to 27° and treated with 19 ml. of a 20 
per cent suspension of Nuchar for 8 minutes, with gentle stir- 
ring. The mixture was then chilled in ice and clarified by centrif- 
ugation at 20,000 x g for 20 minutes. The major portion of 
the pterin deaminase was found in the resulting supernatant 
solution (175 ml., 6230 units, specific activity = 5.1). 

Step 4: Alkaline ammonium sulfate fractionation—The pH 
of the above solution was adjusted to 8.4 by the careful addition 
of a few ml. of 1 N NH,OH. Solid ammonium sulfate, 28 gm., 
was then added to each 100 ml. of this solution. Addition of 
the salt required 15 minutes, after which the suspension was 
equilibrated for another 10 minutes and centrifuged at 15,000 x 
g. The inactive precipitate (0 to 40 per cent fraction) was dis- 
carded and the supernatant solution treated, as described above, 
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with an additional 19 gm. of ammonium sulfate per 100 ml. of 
original volume. If further purification was not sought, the 
paste obtained by centrifugation of this fraction was dissolved 
in an amount of 0.1 m Tris buffer, pH 9.0, equal to about one- 
fifth the volume of the original solution of Step 3. After aging 
in ice for an hour, this 40 to 67 per cent fraction was freed from 
a small amount of inactive material by centrifugation. The 
resulting clear, very pale yellow supernatant solution (4000 units, 
specific activity = 13) could be stored at 0° for approximately 
3 weeks with no appreciable loss of activity. For most of the 
enzymatic studies reported below, pterin deaminase preparations 
were employed which had been purified as far as this stage. Two 
further steps were included only when it was desirable to obtain 
a fraction as free as possible from residual guanase activity. 

Step 5: Treatment with alumina gel Cy—The ammonium sul- 
fate 40 to 67 per cent paste from Step 4 was dissolved in 50 ml. 
of 0.005 m potassium phosphate buffer, pH 7.0, and stirred for 
15 minutes with an equal volume of alumina gel Cy suspension 
(16 mg. of gel per ml.). After centrifugation of this mixture, 
the supernatant was discarded and the gel washed twice with 
small volumes of cold water. Elution of the activity was ac- 
complished by stirring the gel for 45 minutes with 30 ml. of 
0.085 m phosphate buffer, pH 7.5. Upon centrifugation, the 
supernatant solution contained 2400 units of deaminase, with a 
specific activity of 21. 

Step 6: Second heat inactivation step—Conditions for this 
final operation were much the same as those described under 
Step 2 with the exception that the pH of the gel eluate was ad- 
justed to 9 with 1 mM Tris buffer, pH 9.5, just before heating. The 
supernatant (32 ml.) obtained upon removal of inert, denatured 
protein contained 1960 units of pterin deaminase, specific ac- 
tivity = 20. 


Properties of Pterin Deaminase 


Stability and Activity at Various pH Values—During initial 
studies on purification of the enzyme, it was observed that severe 
losses of activity occurred upon storage of the protein solutions 
at pH 7 for a few days in an ice bath. Freezing of the protein 
solution at —20°, variations in ionic strength and type of buffer 
emploved, or the presence of thioethanol or glutathione did not 
enhance enzyme stability at this pH. It was soon observed, 
however, that destruction of the activity on storage could be 
markedly diminished by increasing the pH of the solution. The 
most satisfactory conditions for storage of enzyme fractions 
were found to be at pH 9.0 in 0.1 m Tris buffer at 0°. Under such 
conditions pterin deaminase activity remained almost unchanged 
for several weeks. 

The pH optimum for pterin deaminase activity occurs between 
pH 6.3 and 6.7. Although the reaction proceeds in the complete 
absence of phosphate, the rate of deamination is slightly faster 
in phosphate than in Tris buffer. 

Nonidentity of Pterin Deaminase and Guanase—Extracts of 
A. metalcaligenes contain a highly active guanase (Table II, 
column 4). Because the chemical structure of the pterin ring 
system is so similar to that of guanine, the possibility was in- 
vestigated that the pterin deaminase and guanase components 
reflected the activity of one and the same enzyme. Accordingly, 
the rates of deamination of guanine and pterin carboxylic acid, 
respectively, were compared in the various fractions obtained 
during the course of purification of pterin deaminase. It can 
be seen from the data shown in the final column of Table IT that 
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the ratio of the specific activity of guanase to that of pterin 
deaminase decreased markedly throughout the fractionation pro- 
cedures. The most striking differences occurred in the stability 
to heat (Steps 2 and 6) and to storage or handling at alkaline 
pH (Step 4B). 

Additional evidence indicating the nonidentity of the two 
deaminase activities was obtained from studies of the effect of 
guanine and pterin carboxylic acid on the rate of deamination 
of another pterin substrate, 2-amino-4-hydroxy-6-methy] pteri- 
dine. At concentrations several times that of the substrate, 
pterin carboxylic acid exerted a definite inhibition, whereas 
guanine had no effect on the rate of this reaction. These data, 
together with those on fluoride sensitivity, referred to below, 
have permitted the conclusion that the pterin deaminase and 
guanase activities of this strain of Alcaligenes are probably dis- 
tinct enzymatic entities. 

Inhiiitors—Pterin deaminase activity was not significantly 
affected by extensive dialysis of enzyme fractions against 0.1 
M Tris buffer, pH 9.0. Preincubation with Versene (ethylenedi- 
aminetetraacetate), KCN, or 8-hydroxyquinoline sulfate like- 
wise did not result in a decrease of activity. However, p-Cl-Hg- 
benzoate and sodium or potassium fluoride each caused severe 
inhibition when either preincubated with the deaminase or added 
directly to the experimental cuvette containing pterin carboxylic 
acid and enzyme. The inhibitory action of p-Cl-Hg-benzoate 
could be effectively prevented with glutathione. The fluoride 
inhibition could not be overcome by extended incubation or the 
addition of a large excess of Mg**, but was completely removed 
upon dialysis of a fluoride-treated enzyme preparation against 
two changes of a large volume of 0.01 m Tris buffer, pH 9.0. A 
50 per cent inhibition of the initial rate of pterin carboxylic acid 
deamination was observed at fluoride ion concentrations of 
approximately 3 « 10-5. This is in contrast to an inhibitor 
concentration of over 10-3 Mm required to effect a similar reduction 
in the guanase activity of these preparations. None of the other 
halide ions showed significant inhibitory properties. 

Trreversihility of Deamination—Evidence for a_ reversible 
deamination of pterins catalyzed by this bacterial enzyme could 
not be obtained by the use of the sensitive spectrophotometric 
method. Extended incubation of the purified enzyme with 
lumazine carboxylic acid and varying concentrations of am- 
monium ion led to no detectable shifts in the absorption of the 
lumazine at 290, 325, and 360 my, wave lengths at which ap- 
preciable changes would be observed (see Fig. 3) if reamination 
to the corresponding pterin had occurred. 

Specificity of Pterin Deaminase—Some of the structural fea- 
tures required for a pteridine compound to serve as a substrate 
were investigated by testing a limited number of available deriv- 
atives (Table III). The ability of the test compound to un- 
dergo enzymatic deamination was generally determined in one 
of two ways: (a) by direct measurement of liberated ammonia, 
and (b) spectrophotometrically, by noting the appearance, with 
time, of certain characteristic changes between 260 and 380 my, 
similar to those shown in Fig. | for pterin carboxylic acid. In 
cases where both of these criteria were employed, perfect cor- 
relation between the two methods was obtained. Certain 
structural requirements for a given pteridine to function as a 
substrate for the deaminase can be deduced from the information 
presented in this table: i 

1. Only those pteridines possessing the pterin structure (i.e. 
the 2-amino and 4-hydroxyl functional groups) are deaminated. 


TaBLeE III 
Substrate specificity of pterin deaminase 
H.N N N H 
7 


| | 


Pteridines not attacked 


Pterin Deaminase 


_H (a) 2-amino- 
-CH; (b) 2-amino-4-hydroxy-7- 
-CH,OH methyl- 
(c) 2-amino-4-hydroxy-7- 
2-Amino-4- |-CHO carboxy- 
hydroxy-6- |-COOH (d) 2-amino-4-hydroxy-6,7- 
-CH(OH)- dimethyl- 
CH(OH)- (e) 2-hydroxy-4-amino-6- 
CH.OH methyl- 
-CH:COOH (f) 2,4-diamino- 


(g) aminopterin 
(h) amethopterin 
(i) xanthopterin 
(j) leucovorin 


Pteroic acid 
(glutamic);,2,3 

Pteroyl-; aspartic 
glycine 


Juxtaposition of these groups (compound e), removal of the 4-hy- 
droxyl (compound a) or its substitution by an amino group (com- 
pounds f, g, h) produce pteridines not attacked by the enzyme. 

2. The nature of the substitution at carbon 6 is relatively un- 
important. However, an hydroxyl group at this position (com- 
pound i) results in an inactive substance. 

3. Carbon 7 must be unsubstituted, since blocking of this 
position by a methyl (compounds b and d) or carboxy] function 
(compound c) destroys the ability of the pterin to serve as a sub- 
strate. 

4. An N-5-formylated and reduced pterin (compound j) is 
not deaminated. 


DISCUSSION 


The existence of hydrolytic enzymes irreversibly deaminating 
amino-purines and amino-pyrimidines has been well documented 
(5-8). Although the observation has been made that certain 
pterins inhibit the deamination of guanine by crude preparations 
of rat liver guanase (9), no evidence has been reported, until now, 
that pterin derivatives undergo enzymatic deamination to luma- 
zines. The general characteristics of the enzymic reaction de- 
scribed in this paper, including its apparent irreversibility and 
the sensitivity of the enzyme to fluoride, are sufficiently similar 
to those in the purine and pyrimidine series to permit its in- 


clusion in the same category as the latter deamination processes 
(10). 

The data indicate that the activity of pterin deaminase js 
associated with a protein fraction distinct from that which cata- 
lyzes the deamination of guanine. The evidence for this con- 
clusion rests on the following three criteria: (a) a marked de- 
crease in the ratio of guanase to pterin deaminase activity upon 
purification of the latter, (6) difference in the relative sensitivity 
of the two activities to fluoride ion, and (c) inhibition by pterin 
carboxylic acid, but not by guanine, of the rate of deamination 
of 2-amino-4-hydroxy-6-methy]! pteridine. Whether the reverse 
situation can be true, 7.e. that guanase may possess a substrate 
specificity sufficiently broad to attack pterins, is not known with 
certainty at this time. Rat liver, Hscherichia coli, and Torula 
utilus extracts containing guanase were incapable of deaminating 
pterin carboxylic acid.’ However, similar preparations of other 
strains of Alcaligenes possessed deaminase activity for both 
the purine and pteridine compounds, and, in certain of the latter 
cases, separation of the enzymes could not be achieved by a 
variety of purification procedures. It would thus appear that 
the question of guanase action on pterins is dependent upon the 
organism, species, and strain under consideration. 

The role of pterin deaminase within the bacterial cell cannot 
be ascertained at this time. Since a variety of pteroyl glutamic 
acid derivatives are attacked by the enzyme, leading to the forma- 
tion of the corresponding microbiologically inactive lumazine 
analogs (11), it is conceivable that the deaminase may function 
in a regulatory manner to help in maintaining proper intracel- 
lular levels of pteridine-containing cofactors. The irreversi- 
bility of the reaction argues against the possibility of the direct 
involvement of this enzyme in the biosynthesis of pterins from 
certain recently reported lumazine compounds of natural oc- 
currence (12-14). 


SUMMARY 


An enzyme catalyzing the deamination of pterins has been 
partially purified from extracts of a strain of Alcaligenes. The 
reaction is of an irreversible, hydrolytic nature, similar in many 
respects to those catalyzed by certain amino-purine and amino- 
pyrimidine deaminases. 

A spectrophotometric method has been developed for the 
assay of pterin deaminase, based upon the shifts that occur in 
the ultraviolet when the enzyme attacks 2-amino-4-hydroxy- 
pteridine-6-carboxylic acid at neutral pH. 

Several properties of the enzyme, including its marked sensi- 
tivity to fluoride ion, have been described. Evidence has been 
presented which suggests that the enzyme can be regarded as 
distinct from a highly active guanase also found in extracts of 
the organism. Certain structural features of the pteridine mole- 
cule requisite for its activity with pterin deaminase have been 
noted. 
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Previous communications from this laboratory (1-6) have de- 
scribed various enzymatic reactions associated with oxidative 
phosphorylation in subfragments of rat liver mitochondria ob- 
tained by treatment with digitonin. This paper describes the 
electron transport system of such mitochondrial fragments. 

Although some chemical and physical treatments affecting 
the morphology of mitochondria have been observed to cause 
substantial changes in the molar ratios of the various respira- 
tory carriers (7-9), the results reported in this paper show that 
mitochondrial subfragments obtained by treatment of rat liver 
mitochondria with digitonin contain complete and substantially 
intact respiratory chains. With the exception of pyridine nucleo- 
tide, the relative molar concentrations of the carriers in the frag- 
ments, in comparison with those in intact mitochondria, is not 
significantly altered by the digitonin treatment. The occurrence 
of a pyridine nucleotide transhydrogenase in the subfragments 
is also demonstrated. 


EXPERIMENTAL 


Methods—The mitochondrial subfragments were prepared and 
assayed for oxidative phosphorylation as described previously 
(10, 1) and only those preparations manifesting maximal phos- 
phorylating efficiency were employed. Difference spectra were 
measured on the expanded per cent transmission scales of the 
Beckman DK-2 ratio recording spectrophotometer and were 
replotted in terms of optical density. Due to the turbidity of 
the preparations, control experiments were performed to elimi- 
nate errors due to light scattering and the effects of stray light 
(11). Changes in light scattering caused by dilution during the 
course of the spectrophotometric experiments were kept to a 
minimum by adding reagents in relatively small volumes (from 
1 to 5yul.). To test for possible shifts in the position of the ab- 
sorption maxima or minima due to light scattering, the spec- 
trum of a dilute solution of Fe*+*++ cytochrome c was recorded 
between 380 and 630 my with the mitochondrial subfragments 
present in both the reference and sample cuvettes. There were 
no significant differences between this spectrum and one of oxi- 
dized cytochrome c recorded in the absence of the fragment 
preparation. Thus the degree of turbidity of these preparations 
is not sufficient to cause significant shifts in absorption maxima. 


* Supported by grants from the National Institutes of Health, 
The Nutrition Foundation, Inc., The Whitehall Foundation, and 
the National Science Foundation. Part of the material presented 
in this paper was taken from a dissertation submitted in partial 
fulfillment of the requirements for the degree of Doctor of Philos- 
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+ Predoctoral Fellow of the National Cancer Institute. 
ent address, Merck Institute, Rahway, New Jersey. 


Pres- 


The rate of reduction of Fe+++ cytochrome c and pyridine 
nucleotides was followed spectrophotometrically as previously 
described (2). The concentration of cytochromes a, a3, 6, and 
c, and flavoprotein were determined spectrophotometrically, em- 
ploying the wave length pairs and A extinction coefficients of the 
reduced minus the oxidized carriers given by Chance and Wil- 
liams (7). The total iron content of the enzyme complex was 
determined by the o-phenanthroline method after wet oxidation 
(12). 

Enzymatic Reduction of Respiratory Carriers—In order to 
measure the difference spectrum of those carriers functioning in 
the phosphorylating respiratory chain of the mitochondrial sub- 
fragments, the carriers were reduced with p(—)-6-hydroxybu- 
tyrate in an incubation medium which had been previously 
established as optimum for the measurement of oxidative phos- 
phorylation (1). In Fig. 1, the reference cell contained a system 
composed of mitochondrial subfragments, ADP, and inorganic 
phosphate in the presence of oxygen. The carriers were assumed 
to be completely oxidized in the reference cell, since the enzyme 
preparations contain negligible endogenous substrate. Chance 
and Williams (13) found that the respiratory chain of intact 
mitochondria was nearly completely oxidized in the absence of 
added substrate when ADP is present. To the sample cuvette, 
which contained the same quantities of enzyme, ADP, and phos- 
phate, B-hydroxybutyrate was added and the system was flushed 
briefly with tank nitrogen to remove a large part of the dissolved 
oxygen. Curve A of Fig. 1 is a difference spectrum with the use 
of the nonrespiring sample with its carriers in the oxidized state 
as base-line, against which was recorded the spectrum of the 
respiring system in the sample cuvette. This curve indicates 
the aerobic steady state oxidation-reduction levels of the cyto- 
chromes during oxidation of 6-hydroxybutyrate (commented on 
below), which remain constant until all of the dissolved oxygen 
has been utilized, whereupon the carriers become fully reduced to 
produce the difference spectrum of Curve B. 

Typical peaks and depressions were observed in the completely 
reduced spectrum of Curve B which correspond to the reduced 
forms of cytochromes c, a, and a3, and flavoprotein (7). Upon 
the addition of cyanide to the anaerobic, fully reduced system, 
the only change in the spectrum was a decrease in the 445 mu 
peak, due to the formation of the cyanide complex of reduced 
cytochrome a3. Thus, under anaerobic conditions the presence 
of cytochromes c, a, and a3, and of flavoprotein in the mito- 
chondrial subfragments can readily be demonstrated, under con- 
ditions similar to those used by Chance and Williams (7) in their 
study of intact mitochondria. 

This spectrum does not demonstrate unequivocally the pres- 
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Fic. 1. Difference spectra of mitochondrial subfragments. The 
sample cuvette contained 0.01 mM p(—)-8-hydroxybutyrate, 0.0024 
m ADP, 0.01 M inorganic phosphate (pH 6.5) and mitochondrial 
subfragments (100 ug. N/ml.) in a total volume of 3.0 ml. The 
reference cuvette contained the same medium without p(—)-8- 
hydroxybutyrate, representing the oxidized complex. In Curve 
A (broken line), the difference spectrum is due to changes in the 
oxidation-reduction concentrations of the respiratory enzymes 
upon initiation of rapid respiration with p(—)-8-hydroxybutyrate, 
minus the nonrespiring reference sample containing the carriers 
in the fully oxidized state. This spectrum remains unchanged un- 
til all of the dissolved oxygen is utilized. Curve B is caused by 
the ensuing anaerobiosis of the sample cuvette which gives the 
difference between the spectrum of the enzymatically fully re- 
duced carriers and the spectrum of the oxidized carriers. The 
roman numerals indicate the peaks corresponding to the reduced 
forms of carriers as follows. I, y-peak of ferrocytochrome c; II, 
7-peak of reduced cytochrome a; and a; III, reduced flavoprotein; 
IV, 8-peak of reduced cytochromes b and ¢; V, a-peak of ferro- 
cytochrome c; V1, a-peak of reduced cytochromes a and a3. 


ence or absence of cytochrome c in the digitonin preparation, 
since the absorption bands of reduced cytochrome c,; would be 
obscured by and fuse into those of cytochrome c (cf. 7, 14, 15). 
The possibility therefore exists that cytochrome c, contributes 
to the absorption peak having a maximum at 550 my, but more 
refined methods (14-16) would be required to establish its pres- 
ence with certainty. 

No distinct peaks for reduced cytochrome 6 were observed in 
the anaerobic spectrum; the 430 and 563 my peaks of reduced 
cytochrome 6 are presumably obscured by the y peaks of re- 
duced cytochromes c, a, and a3 and the a peak of reduced cyto- 
chrome c, respectively. In intact mitochondria, Chance and 
Williams (7) were unable to observe peaks for reduced cyto- 
chrome 6 in a difference spectrum of the fully reduced (state 5) 
minus the aerobic steady-state (state 3) (in which cytochrome b 
was reduced only 16 per cent), for similar reasons. However, 
as is shown below, use of the respiratory inhibitor antimycin A 
readily permitted the visualization of the bands of reduced cyto- 
chrome 6 in the digitonin fragments, as was the case in intact 
mitochondria (7). 

Aerobic Steady-state and Effect of Antimycin A—The aerobic 
steady-state condition of the respiratory pigments is again re- 
produced in Curve A of Fig. 2. A higher enzyme concentration 
was used in this experiment. The addition of 0.18 ug. of anti- 
mycin A per ml. to the sample cuvette produced the spectrum 
shown as Curve B in Fig. 2. Antimycin A inhibits the mito- 
chondrial electron transport system at the level of cytochrome b 
(7) and has been shown to inhibit completely the oxidation of 
8-hydroxybutyrate by the digitonin particle (1, 10). With anti- 
mycin A to block reoxidation of cytochrome 6, the a-, B-, and 
y-peaks of reduced cytochrome 6 at 563, 530 and 430 my, re- 
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spectively, and the depression at 460 to 465 my caused by re- 
duced flavoprotein are now quite clearly observed, with no in- 
terference from the reduced bands of cytochromes c, a, and a3 
which are all fully oxidized in this system. Thus the respiratory 
chain of the digitonin subfragments contains functional cyto- 
chrome b, as well as cytochromes c, a, and a3. 

A similarity can be observed between the difference spectrum 
of the respiratory enzymes in the aerobic steady state and that 
of the antimycin A inhibited system, which indicates that cyto- 
chrome 6 is apparently the only measurably reduced cytochrome 
in the aerobic steady state condition. With the AOD430-40 mu 
(13) as a measure of reduced cytochrome 6, and since it may be 
assumed that cytochrome b is completely oxidized in the reference 
cell (13), it was determined from a number of such experiments 
with the digitonin preparation that cytochrome 6 is approxi- 
mately 45 per cent reduced in this aerobic steady state. For 
comparison, Chance and Williams (13) have found that cyto- 
chrome 6 is reduced about 16 per cent in intact rat liver mito- 
chondria under similar conditions, 7.e., ‘‘state (high concen- 
tration of ADP and substrate) minus ‘‘state 2”’ (high ADP, no 
substrate). 

Concentration and Molar Ratios of Respiratory Carriers—In 
Table I is a summary of the average concentration of the respira- 
tory carriers in the electron transport system of four different 
digitonin preparations. There was very little variation between 
preparations. Cytochromes a3, a, and ¢ (¢,;) were measured in 
the totally reduced system as in Fig. 1; cytochrome 6 and flavo- 
protein were determined in the antimycin A inhibited system, 
which permits the determination of these two carriers without 
interference from the other cytochromes. As can be seen from 
a comparison of the last two columns, the molar ratios of the 
cytochromes and flavoprotein in the digitonin preparation closely 
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Fic. 2. Difference spectra of the aerobic steady state and the 
effect of antimycin A. Sample cuvette contained 0.01 m p(—)-8- 
hydroxybutyrate, 0.0024 m ADP, 0.01 m inorganic phosphate (pH 
6.5) and mitochondrial subfragments (220 ug. N/ml.) in a total 
volume of 3.0 ml. The reference sample contained the same me- 
dium without p(—)-8-hydroxybutyrate, representing the oxidized 
complex. Curve A (broken line) represents the partially reduced 
respiratory enzymes in the aerobic steady state during p(—)-8- 
hydroxybutyrate oxidation, as in Fig. 1. Curve B (solid line) is 
caused by the addition of antimycin A (0.18 ug./ml.) to the sample 
cuvette, which completely inhibits respiration. The roman nu- 
merals indicate the peaks or depressions corresponding to the 
reduced forms of the carriers as follows: I, y-peak of reduced cyto- 
chrome 6; II, reduced flavoprotein; III, 8-peak of reduced cyto- 
chrome b; IV, a-peak of reduced cytochrome b. Note that the 
enzyme concentration in this experiment is 2.2 times greater than 
in the experiment of Fig. 1. 
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TABLE I 
Concentration of components of respiratory chain 
The concentrations were determined as described in ‘‘Meth- 
ods,’’ and are the average for four different preparations. Molar 
ratios based on cytochrome a = 1. 


Component Mitochondrial subfragments 

mymoles/mg. N | molar ratios molar ratios 
Cytochrome a;........... 1.5 1.0 1.2 
Cytochrome a............ 1.6 1.0 1.0 
Cytochrome b............ 0.9 0.7 0.9 
Cytochrome c (c;)........ 2.8 1.8 1.7 
Flavoprotein............. 4.5 3.0 3.6 


* Values for normal liver mitochondria from Chance and Wil- 
liams (7). 
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Fia. 3. Difference spectrum of the pigments reduced by hy- 
drosulfite, but not by anaerobiosis. The sample and the blank 
contained 0.01 mM p(—)-8-hydroxybutyrate, 0.0024 m ADP, 0.01 m 
inorganic phosphate (pH 6.5), 0.0005 m KCN and mitochondrial 
subfragments (210 ug. N/ml.), in a total volume of 3.0 ml. Due to 
the presence of KCN in both cuvettes, all of the carriers partici- 
pating in electron transport are in the reduced state; thus the 
baseline represents the spectrum of the enzymatically reduced 
carriers. Hydrosulfite was added to the sample cuvette. The 
recorded difference spectrum is due to those pigments reduced by 
hydrosulfite, but not reduced by anaerobiosis. Note that the en- 
zyme concentration in this experiment is 2.1 times greater than 
in the experiment of Fig. 1. 


agree with the values found by Chance and Williams (7) for 
intact rat liver mitochondria. 

Numerous unsuccessful attempts have been made to measure 
spectrophotometrically the bound DPN of the digitonin prep- 
aration (17). No peak occurs at 340 my in the aerobic steady 
state or in anaerobiosis; increasing the concentration of the en- 
zyme complex, with subsequent increase in turbidity of the sam- 
ple, places 340 my beyond the useful range of the instrument, 
since at this wave length light scattering effects are severe. 
However, measurements of the bound DPN were carried out 
with a catalytic test employing diaphorase,! after extraction of 
DPN from the multienzyme complex, and revealed the presence 
of about 0.3 mole of DPN per mole of cytochrome a. The 
amount of bound DPN in the mitochondrial subfragments is 
thus very small in contrast to intact rat liver mitochondria, 


1 J. Stern, personal communication of unpublished method. 
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where the total concentration of pyridine nucleotide is frequently 
30 to 40 times that of the cytochrome a (7). 

The total iron content of four different preparations was also 
determined, and has been found to be 35 to 45 mumoles of iron 
per mg. of N, or 5 to 7 times higher than can be accounted for by 
the known cytochromes present. 

Reduction of Carriers with Hydrosulfite—Addition of hydro- 
sulfite to systems which were already fully reduced enzymatically 
with 8-hydroxybutyrate caused a new peak to appear at 430 my, 
which obscured the y-peak of cytochrome c, and produced a 
shoulder at 556 my on the a-peak of cytochrome c. These ob- 
servations suggested that a heme compound of unknown origin 
was present in the subfragments which was not reducible by 
B-hydroxybutyrate. 

In Fig. 3 is shown the difference spectrum of the unidentified 
pigment, without interference from the functional cytochromes. 
In this experiment both the blank and sample cuvettes contained 
phosphate, ADP, 6-hydroxybutyrate, and cyanide to reduce fully 
the enzymatically functional respiratory pigments. Hydrosul- 
fite was now added to the sample cuvette, to give a difference 
spectrum of the unidentified pigment with peaks at 426, 530, 
and 556 mu. As can be seen from Fig. 3, there were no peaks 
which could be attributed to a further reduction of cytochromes 
C, a, Or a3, indicating that these cytochromes are completely re- 
duced by 6-hydroxybutyrate. 

Three possibilities have been eliminated as the source of this 
spectrum: (a) the peaks are not attributable to a further reduc- 
tion of cytochrome b, which has a peak at 430 my and not 426 
mu; (b) the conversion of oxyhemoglobin to hemoglobin should 
occur on anaerobiosis, as in Fig. 1, and would not require addi- 
tion of dithionite; (c) the differencespectrum of hemoglobin minus 
methemoglobin does not produce peaks with these maxima. 
Chance and Williams (7) have found a similar compound in in- 
tact mitochondria which is reduced by hydrosulfite and not by 
anaerobiosis, and conclude that it could be cytochrome bs, mito- 
chrome (18), or unknown hemeproteins. It is possible that the 
digitonin treatment of the mitochondria denatures a part of the 
cytochromes. Hiilsmann e¢ al. (19) have demonstrated that the 
component in mitochrome (18) responsible for its characteristic 
spectrum is derived from the cytochromes. The amount of this 
compound varies considerably among different digitonin prep- 
arations, and it can be concluded that it is probably not a mem- 
ber of the phosphorylating electron transport system in the 
preparation, but may be an adventitious, possibly denatured, 
hemeprotein. 

The average concentration of the hydrosulfite reducible ma- 
terial, determined with the use of AE 46.405 mu = 200 
cm.~! (7), was 2.6 mumoles per mg. of N, which is about equal 
to the concentration of cytochrome c in the digitonin prepara- 
tion. This material can thus account for only a small portion 
of the noncytochrome iron present in these preparations. 

Pyridine Nucleotide Transhydrogenase Activity of Enzyme Com- 
plec—Although DPNH is rapidly oxidized by the digitonin prep- 
aration (1, 2), it has been found that TPNH is only very slowly 
oxidized. However, the addition of a catalytic quantity of 
DPN? appreciably accelerates the rate, suggesting the presence 
of pyridine nucleotide transhydrogenase, which Kaplan et al. 
(20) have shown to occur in rat liver mitochondria. Transhy- 
drogenase activity of the mitochondrial subfragments was as- 
sayed in a system composed of the mitochondrial subfragments, 
Fe+++ cytochrome c, cyanide to inhibit reoxidation of reduced 
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Fic. 4. TPNH to DPN? transhydrogenase activity of mito- 
chondrial subfragments. The reaction system contained 0.01 M 
inorganic phosphate (pH 6.5), 0.003 m ADP, 0.0001 m KCN, 9 X 
10-°§ m Fet*+* cytochrome c and mitochondrial subfragments (50 
pg. total N). The reaction was initiated by the addition of 35 
mumoles of DPN*t, 25 mumoles of TPNH or a combination of both 
DPN*t and TPNH. Final volume1.0ml. The recording spectro- 
photometer was adjusted to give an optical density of zero at zero 
time. The curves are redrawn from an actual tracing. 


Fe++*+ cytochrome c by cytochrome a and a3, phosphate, and 
ADP. To this system was added either DPN+, TPNH, or a 
combination of both nucleotides. It had previously been demon- 
strated that DPNH alone will rapidly reduce Fe+++ cytochrome 
c under these conditions (2). As is shown in Fig. 4, with the 
addition of DPN*+ or TPNH alone there was only very slow re- 
duction of Fe+++ cytochrome c, but upon addition of both nu- 
cleotides together a rapid reduction of Fe+++ cytochrome c oc- 
curred. In this system TPNH presumably reduced the DPN*, 
via transhydrogenase, and the reduced DPN* in turn reduced 
Fe+++ cytochrome c via a DPN-cytochrome c reductase (2). 
Similar experiments showed that DPNH alone is oxidized at 
about 8 times the rate of oxidation of TPNH in the presence of 
DPN*. Therefore it can be assumed that the rate-limiting reac- 
tion in oxidation of TPNH is the pyridine nucleotide transhy- 
drogenase. 

With a test system containing the mitochondrial subfragments, 
cyanide, glucose 6-phosphate and glucose 6-phosphate dehydro- 
genase to reduce TPN*, and exactly known quantities of TPN+ 
and DPN?+, the total optical density of the reduced pyridine 
nucleotide peak at 340 mu was measured. The optical density 
observed could only be accounted for if both TPN+ and DPN+ 
were reduced. Since TPNH was continuously generated and 
DPN? alone was not reduced in the system, the DPN+ was be- 
ing reduced by the TPNH via the pyridine nucleotide transhy- 
drogenase. 

The particle-bound pyridine nucleotide transhydrogenase was 
found to be inhibited by t-thyroxine, confirming the report of 
Ball and Cooper (21). Atl x 10-5 and 5 x 10-5 L-thyroxine 
transhydrogenase activity was inhibited 45 and 85 per cent 
respectively. u-Thyroxine does not inhibit the DPN-cyto- 
chrome reductase present in the subfragments of mitochondria. 

These results demonstrate that the mitochondrial subfrag- 
ments contain a pyridine nucleotide transhydrogenase which 
catalyzes the transfer of electrons from TPNH to DPN’, in 
addition to the enzymatic systems for electron transport from 
DPNH to oxygen and coupled phosphorylation. 
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DISCUSSION 


The results described indicate that the phosphorylating sub- 
fragments derived from mitochondrial membranes with digi- 
tonin contain a complete complement of those electron trans- 
port enzymes observed in intact mitochondria (7) and, with the 
exception of DPN, the carriers are in approximately the same 
relative molar proportions. This was a rather unexpected obser- 
vation, for it has been observed that other treatments which 
disrupt the morphology of mitochondria alter the relative pro- 
portions of the carriers (7-9). It may be concluded that the digi- 
tonin treatment fragments the mitochondrial membranes along 
relatively fragile lines of attachment between organized assem- 
blies of phosphorylating respiratory enzymes (10, 22), without 
disturbing greatly the composition of the individual respiratory 
assemblies. 

In the digitonin subfragments the rate-limiting step of the 
respiratory chain appears to be between cytochrome 6 and c. 
However, the relatively high degree of reduction of the cyto- 
chrome 6 which exists during the aerobic steady state may not be 
solely a reflection of its participation in electron transport, since 
it is possible that adventitious cytochrome } (i.e. “dislocated” 
from the chain) could be reduced rapidly by the electron trans- 
port system and remain in this state during respiration without 
undergoing rapid reoxidation. Chance (23) has presented evi- 
dence for reduction of “dislocated” cytochrome b in nonphos- 
phorylating heart muscle preparations. It is probable that at 
least part of the cytochrome 6 in the digitonin fragments is in 
such a “dislocated” state, since the flavoprotein in the subfrag- 
ments was not as fully reduced during the aerobic steady state 
oxidation as was cytochrome b. However, since approximately 
55 per cent of the total cytochrome b in the digitonin subfrag- 
ments becomes reduced when antimycin A is added to the sys- 
tem in the aerobic steady state, it may be concluded that a sub- 
stantial fraction of the cytochrome 6 in these preparations is 
directly involved in electron transport. 

The presence of pyridine nucleotide transhydrogenase in the 
mitochondrial subfragments supports the suggestion of Kaplan 
et al. (20) that the enzyme may link the TPN-reducing dehy- 
drogenases with the DPN-linked system of phosphorylating elec- 
tron transport. Since the digitonin subfragments contain the 
complete phosphorylating respiratory chain and only a few de- 
hydrogenases, they can be considered as small subunits of the 
mitochondrial membrane containing only those enzymes which 
are closely associated with one another functionally. Ball and 
Cooper (21) have also demonstrated that transhydrogenase is 
tightly bound to particles from heart mitochondria and Kielley 
and Bronk (24) have found transhydrogenase activity in rat 
liver mitochondrial fragments prepared by sonic vibration. 
Thus the presence of the transhydrogenase in these integrated 
systems in a bound form supports the concept that the trans- 
hydrogenase has a specific function in the respiratory chain. 

Intact liver mitochondria contain 30 to 40 moles of pyridine 
nucleotide per mole of cytochrome a, whereas the digitonin frag- 
ments contain less than one mole of rather specifically bound 
DPN, reactive with 8-hydroxybutyric dehydrogenase, but not 
with malic dehydrogenase (17). This bound DPN has a much 
higher ‘‘turnover” than the total DPN pool in intact mitochon- 
dria (22). The possibility exists that pyridine nucleotide trans- 
hydrogenases associated with the electron transport system may 
link a large pool of free DPNH in the mitochondria with the 
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specifically bound DPN on the phosphorylating respiratory 
assembly in the membrane. Kaplan et al. (25) have demon- 
strated that the TPN-DPN transhydrogenase of beef heart also 
transfers hydrogen from DPNH to DPN*. Experiments are in 
progress to determine whether rat liver mitochondria and _ the 
digitonin fragments prepared from them are also capable of 
carrying out this type of transhydrogenation. 


SUMMARY 


Difference spectra of phosphorylating subfragments of rat 
liver mitochondria, prepared by treatment with digitonin, were 
recorded under a variety of conditions. Cytochromes a, a3, b, 
and c, and flavoprotein were identified as part of the respiratory 
chain in these particles. These carriers are completely reduced 
by p(—)-8-hydroxybutyrate under anaerobic conditions. 
Bound diphosphopyridine nucleotide could not be directly meas- 
ured in the difference spectrum, but was determined by an en- 
zymatic assay. The relative concentrations of cytochromes a, 
a3, b, and ¢, flavoprotein and diphosphopyridine nucleotide in the 
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subfragments were found to be 1.0:1.0:0.7:1.8:3.0:0.3, respec- 
tively. These proportions are very similar to those observed in 
intact rat liver mitochondria, with the exception of diphospho- 
pyridine nucleotide, indicating that the phosphorylating frag- 
ments prepared with digitonin suffer very little damage to the 
respiratory assemblies during isolation. Some of the cytochrome 
b present in the particles appears to be “dislocated”’ from the 
respiratory chain. The fragments also contain a pigment which 
is reducible by hydrosulfite but not by @B-hydroxybutyrate; it 
does not appear to lie directly on the respiratory chain. The 
digitonin particles also contain a TPN-DPN pyridine nucleo- 
tide transhydrogenase which is inhibited by tL-thyroxine. A 
special role of bound DPN and bound pyridine nucleotide trans- 
hydrogenase in phosphorylating electron transport is discussed. 
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It was recently observed that electron transport is coupled to 
phosphorylation in spinach chloroplasts exposed to light. The 
reduction of ferricyanide in the Hill reaction permits a simul- 
taneous esterification of inorganic phosphate (1). At the same 
time, Arnon et al. (1) observed that the rate at which ferricyanide 
is reduced may be doubled by the presence of phosphorylating 
reagents. In our experience, the rate of ferricyanide reduction 
may be increased up to 34 times if ATP is formed simultaneously 
(2). To account for this phenomenon of coupling, a working 
hypothesis was suggested (2) based on the widely described 
schemes for oxidative phosphorylation in mitochondria (3). The 
scheme is shown below, modified only by reversing the order of 
the last two reactions, for reasons to be presented in this paper: 


HO+X+Y>NX-H+Y-0 
Il. Y-O ¥ + 402 

IV. AH + Fe(CN)¢3 > A + Ht + Fe(CN)&! 
V.7* + ADP > 7 ADP 

VI.J ADP + ATP + / 


In the reactions postulated above, X-H and Y -O stand for the 
primary reduced and oxidized products resulting from the cleav- 
ing of water, and AH is that component which reduces ferri- 
cyanide. Electrons are transferred from X-H to A, before the 
reduction of ferricyanide by this mechanism. The transfer from 
X-H to A requires the presence of a component called /, and is 
inhibited by the presence of the activated form /*. Continued 
electron flow requires the removal of 7* and the regeneration of 
I, and this regeneration is accomplished by transferring the 
energy of J* to a high energy phosphate bond. 

Several tests of the above postulates are suggested by previous 
work on mitochondrial phosphorylations. For instance, one 
may determine whether arsenate will replace phosphate in stimu- 
lating electron flow without leading to formation of ATP (4). 
Secondly, the exchange reaction between P; and the terminal 
phosphate of ATP could be studied (5, 6) to determine whether 
Reactions V and VI operate reversibly. Finally, the previously 
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‘The abbreviations used are: P;, inorganic phosphate; Tris, 
tris(hydroxymethyl)aminomethane. 


observed inhibition of electron transport in this system by ATP 
(2).has been explored further in terms of the reactions postulated. 


EXPERIMENTAL 


Preparation of chloroplasts from spinach was described pre- 
viously (7). Chloroplasts were washed once in 0.40 M sucrose, 
0.05 m Tris, 0.01 m KCl buffered at pH 7.8. Ferricvanide re- 
duction was determined by direct observation of the reaction 
mixture at 400 my (2). The reaction mixture for ferricyanide 
reduction contained 40 umoles of Tris at pH 7.8, 70 umoles of 
NaCl, 1.5 wmoles of ferricyanide, and approximately 0.030 mg. 
of chlorophyll. Further additions are noted separately. II- 
lumination was for 2 minutes at 25° (room temperature), aerobi- 
cally, unless otherwise indicated. 

ATP®* was prepared by photosynthetic phosphorylation with 
phenazine methosulfate as the oxidation-reduction cofactor (7) 
with the use of ADP and an excess of carrier phosphate plus P®. 
It was isolated from the acid-denatured reaction mixture by ad- 
sorption on acid-washed Norit (4), and the charcoal was washed 
three times with distilled water. The ATP® was eluted with 
NH,OH-ethanol, precipitated as the barium salt, and redissolved 
with K,SO,. The absorption curve of the product fitted that 
of pure ATP closely, and the amount determined from the absorp- 
tion at 260 my agreed with that expected from the specific ac- 
tivity of the original phosphate. 

In the exchange studies, ATP was separated from P; by ad- 
sorption on acid-washed Norit after the reaction was over. 
Labeled PO, was removed from the charcoal by hydrolysis in 
1.0 nN HCl at 100° for 10 minutes (4). 


RESULTS 


Ferricyanide reduction is stimulated by both arsenate and 
phosphate (Fig. 1). With Mg present, but no ADP, phosphate 
causes about a 20 per cent stimulation (cf. reference 2). How- 
ever, with both Mg and ADP added, phosphate produces up to 
a 3-fold stimulation of the rate of reduction. Arsenate behaves 
like phosphate in the presence of ADP and Mg, but does not 
share the effect of phosphate in the absence of ADP. The re- 
sponse to increasing concentrations of arsenate is very similar to 
that with increasing amounts of phosphate, but the final rate 
with phosphate is always a little higher than that with arsenate. 
The difference between the two probably reflects the basal 
stimulation by phosphate in the absence of ADP, which does 
not occur with arsenate. 

Also to be noted in Fig. 1 is an inhibition of the control rate 
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by ADP. Thus the rate without ADP is 250, and with ADP is 
160, when neither phosphate nor arsenate is present. 

It is evident from Fig. 1 that arsenate stimulation is completely 
dependent upon ADP. This is explored further in Figs. 2, A 
and B, which compare the response to increasing concentrations 


700 F 
PO4+ ADP 
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Fic. 1. Stimulation of ferricyanide reduction by phosphate 
esterification, and the substitution of arsenate for phosphate. 
The reaction mixtures contained 10 uwmoles of MgCl, in addition 
to the basal components. The reaction mixtures represented by 
the two curves on top also contained 2 uwmoles of ADP; those of 
the two on the bottom did not. Arsenate or phosphate as indi- 
cated. 
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Fic. 2. Response of ferricyanide reduction to increasing con- 
centrations of ADP, with phosphate or arsenate. Arsenate 25 
umoles or phosphate 25 umoles, as indicated, and 10 uwmoles of 
MgCl: present in all reaction mixtures. A. No ATP present; note 
the inhibition by low concentrations of ADP when phosphate is 
present but not when arsenate is present. B. 0.2 umole of ATP 
added to all reactions; low concentrations of ADP do not give 
any extra inhibition. 
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of ADP when either phosphate or arsenate is present. Fig. 2A 
shows the inhibition by low concentrations of ADP noted pre- 
viously; this is due to a very rapid conversion to ATP, which 
inhibits the reduction during the remainder of the time that the 
chloroplasts are in the light (2). In the presence of arsenate no 
inhibition is seen, presumably because it interferes with ATP 
formation (see Fig. 6). 

In order to compare the ADP concentration curves for arsenate 
and phosphate directly without this complication, 0.2 umole of 
ATP was added to all reaction mixtures in Fig. 2B. The initial 
rate with arsenate and ATP but with no ADP present is 50 per 
cent higher than that with phosphate and ATP. This could 
easily be due to a small amount of ADP contaminating the ATP 
used. 

The major point seen in both Fig. 2A and 2B is that arsenate 
stimulation is saturated by 0.1 umole of ADP; however, phos- 
phate stimulation is not saturated until 0.5 umole of ADP is 
provided. The ineffectiveness of lower ADP concentrations in 
phosphate stimulation is due to an early cessation of the stimu- 
lation. When a limiting concentration of ADP is used (Fig. 3), 
the stimulated rate with phosphate terminates at 1.5 minutes, 
presumably due to a complete conversion of ADP to ATP. 
Arsenate stimulation, on the other hand, continues until the 
chloroplasts lose activity (the time scale in Fig. 3 represents 
actual exposure to light; extra time needed to determine optical 
densities at the recorded points means that the chloroplasts 
had actually been exposed to 25° for 5 to 10 minutes by the time 
the last point was recorded). The initial reaction rates are the 
same for arsenate and phosphate, however. 

The most likely interpretation of the time course experiment is 
that arsenate forms an unstable complex with ADP. Thus in 
the presence of arsenate ADP is regenerated fairly rapidly, and 
the ADP concentration is unchanged. If phosphate is present, 
however, the phosphate-ADP complex (e.g. ATP) is stable. This 
interpretation is confirmed by the experiment shown in Fig. 4: 
the same series of ADP concentrations was tested, but each reac- 
tion mixture also contained an excess of glucose and hexokinase. 
The added enzyme regenerates ADP from ATP artificially, and 
now phosphate shows the same response to low concentrations 
of ADP that arsenate does. 
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Fic. 3. Time course of reduction with a limiting amount of 
ADP. Arsenate or phosphate 25 uymoles; MgCl2, 10 umoles; and 
0.25 umole of ADP in each cuvette. 
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Fiac. 4. Equivalent response of phosphate and arsenate to ADP, 
when ADP is regenerated artificially. Conditions as in Fig. 2A, 
except for the additions of 40 umoles of glucose and an excess of 
crystalline hexokinase to each cuvette. 


Stimulation by arsenate shows the same requirements for 
magnesium that the stimulation by phosphate does (Fig. 5). 

Since arsenate can replace phosphate for the stimulation of 
the Hill reaction, it might be expected to inhibit ATP formation 
from ADP and phosphate. This inhibition does occur, and when 
the data are plotted according to the Lineweaver-Burk formula- 
tion (Fig. 6), it can be seen that arsenate is strictly competitive 
with phosphate. This was tested, as shown, both in the Hill 
reaction phosphorylation with ferricyanide as the oxidant and in 
the cyclic phosphorylation with phenazine methosulfate as the 
cofactor. It is possible to calculate an apparent K,, for phos- 
phate of 5.4 x 10-* o in the ferricyanide experiment, and 8.3 x 
10-4 m in the cyclic phosphorylation experiment. The cor- 
responding K,; values for arsenate are 6.7 X 10-4 M and 14.2 x 
10-4m. These values were obtained with different preparations 
of chloroplasts. 

At least some of the ATPase activity of mitochondria has been 
considered to involve a part of the reactions of ATP formation 
acting reversibly, and has been used as a means for investigating 
the mechanism of oxidative phosphorylation (8-11). However, 
we have never been able to observe appreciable breakdown of 
ATP by chloroplasts (see Fig. 1 of reference 7, for instance). 
This is seen again in Table I, where ATP® was incubated with 
chloroplasts under normal reaction conditions, both in the light 
and in the dark. The addition of 100 times as much arsenate 
as ATP®* still does not induce any significant breakdown of ATP, 
either in light or in darkness. In addition we have not seen any 
ATPase activity with chloroplasts uncoupled either by dilution in 
sodium chloride or by treatment with ammonium ions (12), nor 
in the presence of inhibitors such as trichlorophenolindophenol 
dye or p-chlorophenyldimethylurea (13). 

Not only does it appear as if ATPase activity is missing from 
chloroplasts, but there is also no detectable exchange between P; 
and ATP. Table II shows one out of a number of experiments 
in which either labeled inorganic phosphate and unlabeled ATP, 
or labeled ATP and unlabeled P;, were supplied to chloroplasts 
in either the light or the dark. The “reaction” conditions in 
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Fic. 5. Effect of Mg concentration on the stimulation of reduc- 
tion by phosphorylation. All cuvettes contained 2.0 umoles of 
ADP and 25 umoles of phosphate or arsenate when present. 
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Fic. 6. Inhibition of ATP formation by arsenate, competitive 
with phosphate. Upper curves: 5 umoles of ferricyanide present 
as the Hill oxidant; 3 umoles of ADP, 5 umoles of MgCl, and 0.047 
mg. of chlorophyll present in a total volume of 1.5 ml. Arsenate, 
when present, represents 10 umoles. Reaction was run under Nz, 
at 15° for 5 minutes. Bottom curves: 0.1 uwmoles of phenazine 
methosulfate were substituted for the ferricyanide, chlorophyll 
was 0.026 mg. per flask and the reaction time was 3 minutes. 
Other conditions are the same as for the upper curves. ATP for- 
mation was measured using radioactive phosphate; activities 
shown are the reciprocals of wmoles of ATP* formed per mg. of 
chlorophyll per hour; phosphate concentration is the reciprocal of 
the final molarity. The values on the ordinate to the left refer 
to the ferricyanide experiment, those to the right refer to the 
phenazine methosulfate experiment. 
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TABLE I 
Lack of ATPase in chloroplast preparations 
All flasks contained (in wmoles): Tris, pH 7.8, 20; NaCl, 35; 
MgCl., 5; phenazine methosulfate, 0.05. Chloroplasts contain- 
ing 0.070 mg. of chlorophyll were used in a total volume of 1.5 ml. 


Activity 
Fas Additions ‘Mlumina- Time of 

| minutes 
1 1 umole of ATP* | 0 14.3 | 1.7 
dark 10 13.4 1.4 
2 1 umole of ATP 0 13.5 |) 1.3 
light 10 13.9 0.9 
3 1 umole of ATP*? + 100 0 14.3 1.0 
umoles of arsenate dark 10 13.6 1.7 
4 1 umole of ATP*® + 100 0 14.1, 0.6 
umoles of arsenate light 10 14.1 1.0 


TaBLeE II 
Lack of P;-ATP exchange in chloroplast preparations* 
Activity 
Additions 
| ATP 
| minutes 
1 5 umoles of P;** 0 0.1 | 21.0 
dark 10 0.2 | 19.6 
2 5 umoles of P;*? 0 0.1 | 19.8 
light 10 0.2 | 19.4 
3 5 umoles of P;*? + 5 0 0.1 | 18.8 
umoles of ATP dark 10 0.2 | 18.9 
4 5umoles of PP; + 5 0 0.0 | 19.7 
umoles of ATP light 10 0.8 | 19.3 
5 5 umoles of ATP* 0 14.5) 1.4 
dark 10 12.6; 1.6 
6 5 umoles of ATP 0 13.5) 1.3 
light 10 13.9 | 0.9 
7 5 umoles of ATP? + 5 0 14.4|} 1.4 
pmoles of P; dark 10 12.9 1.6 
8 5 umoles of ATP*® + 5 0 13.5 1.3 
| pmoles of P; light 10 12.3 1.7 


* Conditions as in Table I. 


the experiment shown were the same as those that would permit 
ATP synthesis in the light from ADP and P; at rates of 300 to 
600 umoles per mg. of chlorophyll per hour. However, no signifi- 
cant amount of exchange can be seen between phosphate and 
ATP in Table II, within the limits of experimental error (which 
are at least 5 per cent in these experiments). It should be em- 
phasized that, in order to increase the chances of detecting any 
ATPase or exchange reactions, in this experiment the amount of 
chloroplasts (0.070 mg. of chlorophyll per 1.5 ml.) and the length 
of time (10 minutes) were twice those usually used, and forma- 
tion of ATP would certainly have gone to completion. In 
other experiments both the normal amount of chloroplasts and 
up to 4 times as much as usual were used. In some cases ATP” 
- formation from ADP and P* was measured in a control flask, 
and this was always easily detectable by the methods used. 

In mitochondria the exchange reaction may be inhibited by 
the presence of some oxidation-reduction dyes, presumably be- 
cause they affect the oxidation-reduction level of an internal 
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electron carrier (14). In Table II phenazine methosulfate was 
present which might have been an inhibitor. Other experiments 
were therefore performed in which phenazine methosulfate was 
eliminated, or was replaced by ferricyanide. In every case 
duplicate flasks were incubated in the light and in the dark. 
Again, no exchange reaction could be seen. 

Under specialized circumstances with mitochondrial sub- 
particles the phosphate-ATP exchange reaction does not occur 
unless ADP is added (15). All of the attempted exchange ex- 
periments described above were repeated, with the addition of 1 
umole of ADP to each flask. In these experiments the ATP 
was labeled initially, and the exchange reaction would have led to 
a loss of radioactivity from the charcoal adsorbable fraction. 
Again, no significant exchange reaction could be observed under 
any of the various conditions: 7.e. whether electron transport 
was occurring or not (light or dark), and whether oxidation- 
reduction dyes (ferricyanide, phenazine methosulfate) were pres- 
ent or not. 


TaBLeE III 
ATP effect on Hill reactions 

Chloroplast concentrations: 0.030 mg. of chlorophyll in fresh 
chloroplasts for ferricyanide reduction; 0.021 mg. of chlorophyll 
in activated chloroplasts reducing ferricyanide; and 0.012 mg. of 
chlorophyll in fresh chloroplasts reducing indophenol dye. Chlo- 
roplasts were activated by dilution in NaCl. Reaction time was 2 
minutes for ferricyanide reduction, and 30 seconds for dye reduc- 
tion. 


percentage of contro 
Chloroplasts Electron acceptor ———— 
umole (0-1 mmole | 0.2 umole 
% % % 
ferricyanide 207 75 77 76 
indophenol 850 96 95 105 
dye 
Activated...... ferricyanide 770 100 100 99 


* Control rates expressed as microequivalents of oxidant re- 
duced per mg. of chlorophyll per hour. 


TABLE IV 
Reversibility of ATP inhibition of ferricyanide reduction 


Reaction mixtures contained 0.028 mg. of chlorophyll per 3.0 
ml. before washing, and 0.023 mg. of chlorophyll after washing. 
One-half the chloroplasts were stored in buffer containing 0.5 
umole of ATP per ml., as shown in the first column, and one-half 
were stored in buffer without ATP. Aliquots from both tubes were 
assayed for ferricyanide reduction with and without the addition 
of 0.2 umole of ATP/3.0 ml. After this initial determination both 
sets of chloroplasts were diluted with 7 times the original volume 
of buffer, centrifuged, and resuspended in fresh buffer, in both 
cases without ATP present. They were then assayed again, with 
and without the addition of ATP to the reaction mixture. 


Activity* before washing Activity after washing 
Chloroplast storage 
—ATP | +ATP ~—ATP +ATP 
| 189 222 177 
er 165 | 167 208 180 


* All activities shown are wmoles of ferricyanide reduced per 
mg. of chlorophyll per hour. 


i 
| 
| 


April 1959 


The failure of ATP to be broken down or even exchanged by 
chloroplasts makes it necessary to reconsider the inhibition of 
ferricyanide reduction by ATP (2). ATP in the experiment 
shown in Table III causes a 25 per cent inhibition of ferricyanide 
reduction by chloroplasts, but does not affect the reduction of 
trichloroindophenol dye. Also it does not affect the reduction 
of ferricyanide by chloroplasts that have been “uncoupled” by 
dilution in 0.35 m NaCl at pH 6.0.2. Thus the inhibition can be 
seen only in chloroplasts where coupled phosphorylation is pos- 
sible. 

Attempts were made to observe any possible binding of small 
amounts of radioactive phosphate from AT P® by large quantities 
of chloroplasts, but no such binding could be seen. 

The inhibition by ATP appears to be reversible, to a large 
extent (Table IV). In this experiment, chloroplasts stored in 
ATP were not inhibited by extra ATP added to the reaction 
mixture. However after these were diluted, recovered by centrif- 
ugation, and resuspended in fresh buffer, their activity was 
largely restored, and they were again inhibitable by ATP. 


DISCUSSION 


It is evident that arsenate can substitute for phosphate in the 
reactions which normally lead to ATP formation. On the basis 
of Figs. 1 to 5, an unstable arsenate-ADP complex may be postu- 
lated. In accordance with the mechanism suggested in the in- 
troduction, the reactions in which arsenate and ADP participate 
can be formulated as: 


V. I* + ADP — I ~ ADP 
VII. I~ ADP + AsO, — I + (ADP AsQO,) 


VIII. (ADP & AsO,) 22. app + AsO, 

The only net change from Reactions V, VII, and VIII is the 
conversion of I* to I. This permits electron flow to proceed 
rapidly, according to the proposed mechanism. 

It is necessary to place the order of the reactions of ADP and 
AsO, in the sequence shown above in order to avoid postulating 
a stable high energy AsO, compound as an intermediate. In view 
of the competitive relationship between phosphate and arsenate, 
the same order of addition may be postulated for phosphate and 
ADP in the actual formation of ATP. Thus the order of Reac- 
tions V and VI suggested in the introduction depends entirely 
on the unlikelihood of a stable high energy arsenate intermediate. 
This sequence is the reverse of that shown recently in oxidative 
phosphorylation (16). 

Stimulation of electron transport, and inhibition of phosphory- 
lation in mitochondria by arsenate was studied by Crane and 
Lipmann (4). In their work about 50 per cent of the stimulation 
was obtained in the absence of added ADP, and the remaining 
50 per cent required the addition of ADP. Their observations 
were complicated by reduction of the arsenate to arsenite, which 
then exerted a secondary inhibition on the oxidation of their sub- 
strate, a-ketoglutarate. No similar complications are apparent 
in the chloroplast system. 

According to the scheme suggested, arsenolysis of ATP would 
be expected provided only that Reaction VI, the actual forma- 
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tion of ATP, is appreciably reversible. In a number of other 
systems phosphate bonds may be broken by arsenolysis (17-19, 
forexample). Since no arsenolysis is observed with chloroplasts 
(Table I), we may propose that Reaction VI is essentially ir- 
reversible. 

Confirmatory evidence for an irreversible step in ATP forma- 
tion comes from the absence of any ATPase activity in these 
chloroplasts, and from the absence of any exchange reaction 
between ATP and inorganic phosphate. 

Inhibition of the Hill reaction by ATP therefore cannot be due 
to a simple mass action reversal of ATP formation. The signifi- 
cance of the inhibition by ATP is still obscure. “Uncoupled” 
electron transport, such as the reduction of trichlorophenolindo- 
phenol dye, or the reduction of ferricyanide by salt-treated chlo- 
roplasts (2) is not inhibited by ATP. This suggests the possi- 
bility that a different mechanism of electron transport occurs in 
uncoupled chloroplasts than that found in coupled chloroplasts. 

Coupled phosphorylation by chloroplasts is distinctly different 
in this respect than that seen in mitochondria, where ATPase 
activity and exchange reactions are abundant (8-11, 14-16). 
In photosynthetic phosphorylation by particles from species of 
Chromatium, 60 per cent as much P;® could be incorporated into 
ATP by exchange as by net ATP formation (20, Table LX), 
indicating either a very active exchange reaction, or else an 
active ATPase reaction followed by resynthesis of ATP. Photo- 
phosphorylation by chromatophores of Rhodospirillum rubrum 
appears to be unaccompanied by ATPase activity (21) and in 
this case the mechanism might be similar to that of chloroplasts. 

Lack of exchange in chloroplasts compared to its presence in 
these other systems means that some reaction leading to ATP 
formation has a different mechanism here. If the formation of 
ATP is irreversible in vivo as well as in vitro, it may mean that 
higher plant photosynthetic phosphorylation is to that extent 
more efficient than respiratory phosphorylation. 


SUMMARY 


Arsenate can substitute for phosphate in chloroplast photo- 
synthetic phosphorylation, and also in the stimulation of ferri- 
cyanide reduction by the Hill reaction. The arsenate effect 
requires the addition of both magnesium and adenosine 5/-di- 
phosphate, and it is suggested that an adenosine 5’-diphosphate- 
arsenate complex is formed but is rapidly hydrolyzed. It is 
concluded tentatively that addition of either arsenate or phos- 
phate occurs after the formation of an intermediate high energy 
adenosine 5’-diphosphate complex. 

No adenosine 5’-triphosphatase activity, arsenolysis of adeno- 
sine 5’-triphosphate, or exchange reaction between inorganic 
phosphate and adenosine 5’-triphosphate can be observed with 
these preparations. It is concluded that the last step in adeno- 
sine 5’-triphosphate formation, according to the proposed scheme, 
is an irreversible one. 
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In 1952, Korkes (1) reported that cell-free extracts of Clostri- 
dium kluyveri were capable of reducing pyridine nucleotides with 
hydrogen. Subsequent investigations have shown that a heat- 
stable cofactor of undetermined nature present in boiled cell ex- 
tracts was required (2). Pyridine nucleotide reduction with 
hydrogen has since been demonstrated in a number of other 
microorganisms (3-5). 

The present study was undertaken to explore in greater detail 
the alternative routes of hydrogen oxidation in C. kluyveri. Par- 
ticular attention was paid to a comparison of the requirements 
for pyridine nucleotide, flavin nucleotide, and dye reduction. 
The available data suggest that the unknown cofactor does not 
function in the activation of hydrogen but acts between an 
activated hydrogen intermediate and pyridine nucleotide. Ad- 
ditional evidence is also presented showing that more than one 
enzyme is required for pyridine nucleotide reduction with hy- 
drogen. <A preliminary report of these results has been pub- 
lished (6). 


EXPERIMENTAL 


Materials—The following chemicals were purchased from com- 
mercial sources. DPN and TPN (Pabst Laboratories), FAD 
(Sigma), GSH (Nutritional Biochemicals), tripheny] tetrazolium 
chloride (Schwarz Laboratories), methylene blue (Difco Lab- 
oratories), benzyl viologen (Mann Laboratories), Safranin O 
(Coleman and Bell), indigo disulfonate and 2,6-dichlorophenol 
indophenol (Fisher Scientific), triethanolamine (Eastman), 
crystalline lactic dehydrogenase (Worthington Biochemical). 
Synthetic FAD was kindly provided by Dr. N. O. Kaplan. 

Preparation of Enzyme—Dried cells of C. kluyveri were ob- 
tained by the method of Stadtman and Barker (7). Dialyzed 
cell-free extracts were prepared by a slight modification of 
Korkes’ procedure (2). A gm. of dried cells was added to 15 ml. 
of phosphate-GSH buffer (1.5 ml. of 0.1 m KH2PQ,, 1.5 ml. of 
0.1 m GSH, 12 ml. of H.O, final pH 7.5) which had been thor- 
oughly flushed with hydrogen. After 4 hours of incubation un- 
der hydrogen with shaking at 30°, the suspension was centri- 
fuged at 12,000 x g for 20 minutes and the precipitate discarded. 
The supernatant solution was dialyzed in the cold against 1 |. 
of 0.01 m potassium phosphate-0.001 m GSH, pH 7.5, under 
hydrogen for 20 hours. Before dialysis, the buffer was flushed 
vigorously with a stream of hydrogen. Dialyzed extracts were 
stored under hydrogen at —15°. 

Preparation of Cofactor—Boiled cell extracts were prepared by 
adding 5 gm. of dried C. kluyveri cells to 150 ml. of distilled water 
preheated to 90°. The temperature was maintained between 90 
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and 95° and the mixture stirred manually for 10 minutes. After 
cooling to 0°, the boiled extract was centrifuged and the pre- 
cipitate discarded. The supernatant solution was used as a 
crude cofactor source and for preliminary purification of the co- 
factor. 

Activity Determination—Reproducible results were obtained 
only under rigorously anaerobic conditions. Incubations were 
performed in 13 X< 100-mm. test tubes which initially contained 
buffer, substrate, DPN, and cofactor (when added). A rapid 
stream of tank hydrogen or helium emanating from a 22-gauge, 
>-inch-long, hypodermic needle was directed on the surface of 
the tube contents. After flushing for 1 minute, all labile and 
autoxidizable components (e.g. ferrous sulfate, GSH, lactic acid 
dehydrogenase, C. kluyveri extract) were rapidly added and the 
tubes stoppered simultaneously with removal of the hypodermic 
needle. This procedure assured nearly complete anaerobiosis, 
and if any dissolved oxygen did remain it was readily consumed 
by the powerful pyridine nucleotide oxidase present in C. kluy- 
veri. 
As reported previously, ferrous sulfate and GSH increase the 
rate of pyridine nucleotide reduction (2). In the present ex- 
periments a similar stimulation was observed when dye reduc- 
tion was measured; ferrous sulfate and GSH were consequently 
routinely added to the standard reaction mixture. 

DPN reduction was determined indirectly by coupling with 
lactic dehydrogenase and measuring the amount of pyruvate 
which disappeared under a hydrogen gas phase. The complete 
system contained 200 wmoles of triethanolamine buffer, pH 8; 
3 umoles of potassium pyruvate; 5 umoles of FeSO,; 3 umoles of 
GSH; lactic dehydrogenase (sufficient to catalyze the oxidation 
of 12 wmoles of DPNH per minute under standard assay condi- 
tions (8)), and C. kluyveri extract. The last four components 
were added in the order mentioned under a gas stream as de- 
scribed above. The final volume was 1.5 to 1.8 ml. The re- 
action tubes were incubated for 15 minutes at 30° with shaking. 
The reaction was stopped with 0.2 ml. of 10 per cent perchloric 
acid, and after centrifugation the supernatant solution was 
analyzed for residual pyruvate according to the method of 
Friedemann and Haugen (9). All values were corrected for any 
pyruvate disappearing under a helium atmosphere. 

When hydrogen oxidation by dye was measured, the complete 
system contained 200 umoles of triethanolamine buffer, pH 8; 
10 umoles of tripheny] tetrazolium, 5 umoles of FeSO,; 3 umoles 
GSH; and C. kluyveri extract; final volume 1.5 to 1.8 ml. The 
enzyme was again added last under a gas stream, and the tubes 
were stoppered and incubated for 15 minutes at 30° with shaking. 
At the end of the incubation period 0.2 ml. of 10 per cent per- 
chloric acid was added, the insoluble reduced tetrazolium (forma- 
zan) was dissolved by addition of 5 volumes of ethanol, and the 
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Fic. 1. Effect of cofactor on rate of pyruvate reduction with hy- 
drogen. Pyruvate reduction was determined by the standard 
assay procedure; incubation time was varied as indicated on the 
abscissa. 


TABLE I 
Requirements for pyruvate and tetrazolium reduction 
pmoles umoles pmoles pmoles 
Cofactor..... 0.56 0.53 4.53 
Lactic dehydrogenase........ 0.24 
Clostridium kluyveri extract.., 0.00 0.20 


* Pyruvate and dye reduction determined by standard assay 
procedure. 


precipitated protein was removed by centrifugation. The color 
intensity of the supernatant solution was determined with a Klett 
colorimeter (No. 540 filter), and the amount of dye reduced was 
calculated from a standard curve. Corrections were made for 
any dye reduction occurring under helium. 

Protein was determined by the method of Lowry et al. (10). 
Spectrophotometric determinations were made with a Beckman 
model DU or Cary recording spectrophotometer. 


RESULTS 


Cofactor Requirement for Pyridine Nucleotide Reduction— 
Freshly prepared extracts of C. kluyvert catalyze the reduction of 
pyridine nucleotides by hydrogen.! Anaerobic dialysis of the 


1 Both DPN and TPN are reduced (2). In the present investi- 
gation TPN reduction was demonstrated by coupling with the 
triphosphopyridine nucleotide specific nitrate reductase from Neu- 
rospora crassa (11) and measuring the amount of nitrite formed 
under a hydrogen atmosphere. This assay was not routinely used 
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extract completely abolished this activity. Nearly complete 
restoration could be obtained by addition of boiled cell extract 
and representative results are shown in Fig. 1. The complete 
system, which contained dialyzed C. kluyvert extract, lactic de- 
hydrogenase, boiled cell extract, and DPN, catalyzed a rapid 
disappearance of pyruvate when incubated under hydrogen. 
Substitution of helium for hydrogen, or omission of the cofactor, 
produced a marked decrease in the amount of pyruvate which 
disappeared. In the presence of boiled cell extract almost all 
the added pyruvate was reduced within 30 minutes and the rate 
remained essentially linear. 

Effect of Cofactor on Dye Reduction—The possible involvement 
of the cofactor present in the boiled cell extract in dye reduction 
was investigated, since this has been the conventional method for 
determining hydrogenase activity. Triphenyl tetrazolium was 
employed in the present study, although similar results have 
been obtained with benzy] viologen, Safranin O, indigo disulfo- 
nate, methylene blue, and indophenol. Data obtained from 
duplicate determinations are presented in Table I. As expected, 
there is very little pyruvate or tetrazolium reduction when either 
hydrogen or dialyzed C. kluyvert extract is absent from an other- 
wise “complete” system. Addition of DPN is required for maxi- 
mal pyruvate reduction and the appreciable pyruvate disap- 
pearance observed in the absence of added DPN is due to the 
large amounts of the latter present in the boiled cell extract. 
Only very slight pyruvate disappearance occurs when lactic de- 
hydrogenase is omitted, showing that pyruvate reduction is, in- 
deed, a reliable measure of DPN reduction with hydrogen. 

In contrast, neither DPN nor the cofactor are required for 
tetrazolium reduction. Repeated attempts to show a cofactor 
or DPN requirement for dye reduction have been consistently 
negative. The significance of these results will be discussed 
subsequently. 

Effect of Cofactor on Flavin Reduction—Extracts of C. kluyveri 
can also catalyze the rapid reduction of flavin nucleotides with 
hydrogen. To test the effect of cofactor on flavin reduction, a 
dialyzed extract was incubated with and without boiled cell 
extract in the main compartment of a modified Thunberg tube 
with a Beckman cuvette attached. After 2 minutes the optical 
density at 450 my attained a constant value and riboflavin 
monophosphate was added from the side arm. As shown in 
Fig. 2, the rate of riboflavin monophosphate reduction was es- 
sentially the same in the presence and absence of cofactor. This 
is analogous to the situation observed with dyes and it should 
be noted that, in all cases in which dye and flavin reduction were 
compared, qualitatively similar results have been obtained. 

Number of Protein Components Involved in Pyridine Nucleotide 
and Dye Reduction—Comparison of dye and DPN reduction as 
catalyzed by different cell preparations of C. kluyvert provided 
support for the postulate that at least two enzymes are involved 
in pyridine nucleotide reduction by hydrogen (2). The data 
are presented in Table II. Extracts of cell lot B? are incapable 
in subsequent experiments because of the relative impurity of 
certain nitrate reductase preparations. 

2 Cell lots A and B refer to dried cell preparations of C. kluyveri 
made from cells which were grown in an identical manner but at 
different times and stored at —17° for approximately 2 vears be- 
fore use. The exact reason for the differences in activity de- 
scribed in the text is not yet clear. Stadtman and Barker (7) 
have previously observed that extracts prepared under similar 
conditions from different cell lots may show wide variability with 
respect to enzyme content. 
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Fig. 2. Effect of cofactor on flavin reduction with hydrogen. 
The main compartment (Beckman cuvette) of a modified Thun- 
berg tube contained initially 0.4 cc. of 1 M triethanolamine, pH 
8; 0.3 ml. of boiled cell extract; and 2.01 ml. of HO. After flush- 
ing for 4 minutes with either hydrogen or helium, 0.1 ml. of 0.1 m 
FeSO, and 0.06 ml. of 0.1 m GSH were added and gassing continued 
for another minute. With a stream of gas playing on the surface 
of the tube contents, 0.1 ml. of Clostridium kluyveri extract was 
added, the tube stoppered and incubated at 30°. After 2 min- 
utes, 0.03 ml. of 9.5 X 10-3 riboflavin monophosphate was 
tipped in from the side arm. FMN represents riboflavin mono- 
phosphate. 


TaBLe II 
Activity of cell lots A and B on pyruvate and tetrazolium reduction 


Enzyme source 


Cofactor source 


| 


Lot A Lot B 

umoles pyruvate reduced* 

umoles tetrazolium reduced* 
a | 6.66 | 7.74 


* By 5.76 mg. of protein in 15 minutes. Pyruvate and tetrazo- 
lium reduction was determined by standard assay procedure. 


of reducing DPN even when incubated with boiled cell extract 
prepared from the same source. That this boiled cell extract 
does contain the requisite cofactor is indicated by its ability to 
stimulate DPN reduction when incubated with extracts from 
cell lot A. Combined extracts from cell lots A and B were 
active, showing that the lack of activity in lot B preparations 
was not due to the presence of an inhibitor. Both extracts are 
equally capable of activating hydrogen as measured by tetra- 
zolium reduction. (Although not indicated in the table both 
extracts were also capable of reducing riboflavin monophosphate 
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with hydrogen.) A plausible interpretation of these results is 
that cell lot B, although possessing the enzymes required for the 
activation of hydrogen, lacks the protein component required 
for the subsequent reduction of DPN. In the case of cell lot B, 
this second enzyme may have been gradually destroyed during 
the long period of storage.” 

The suggestion that two enzymes are required for DPN re- 
duction was based on Korkes’ observation (2) that some enzyme 
preparations consistently showed a parabolic increase in activity 
with increasing protein concentration in the presence of saturat- 
ing amounts of heat stable factors. This phenomenon is not seen 
with freshly prepared extracts of cell lot A which, on the con- 
trary, show an essentially linear relationship between activity 
(as measured either by tetrazolium or DPN reduction) and 
protein concentration. However, if these extracts are left at 
room temperature for 8 to 24 hours under a hydrogen atmosphere 
there is a loss (30 to 40 per cent) in the ability of the extract to 
reduce pyridine nucleotide, but dye-reducing activity remains 
nearly unchanged (5 per cent loss). Concurrent with this loss in 
activity towards pyridine nucleotide there is no longer a linear 
response to enzyme concentration but instead the rate of pyridine 
nucleotide reduction is a parabolic function of protein concentra- 
tion (Curve 3, Fig. 3). Dye reduction, nevertheless, remains 
linear with respect to protein concentration (Curve 1, Fig. 3). 

When the parabolic phenomenon is manifested the rate of 
pyridine nucleotide reduction is proportional to the square of 
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Fic. 3. Effect of protein concentration on pyruvate and tetra- 
zolium reduction. Dialyzed Clostridium kluyveri extract was 
stored at room temperature (approximately 20°) for 14 hours un- 
der a hydrogen atmosphere and then assayed for activity accord- 
ing to standard assay procedure. Additional details in text. 
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extract concentration (in Curve 2, Fig. 3, the data of Curve 3 have 
been recalculated to show the linear relation between the square 
root of the rate of DPN reduction and protein concentration). 
This dependence on the square of extract concentration suggests 
that at least two different reactions are rate-limiting for pyridine 
nucleotide reduction. One of these reactions was not rate- 
limiting in the fresh extract, which gave a linear response, but 
did become rate-limiting when the extract was aged. Since dye 
reduction continues to show a linear response with the aged 
extract, these results are taken as presumptive evidence that an 
additional enzyme not required for dye reduction is necessary 
for DPN reduction with hydrogen. 

Role of Cofactor—Several experiments were performed to de- 
termine the function of the cofactor. DPN, when incubated 
with C. kluyvert extract, either in the presence or absence of 
boiled cell extract under standard assay conditions, could be re- 
covered completely. This indicated that the cofactor did not 
act by preventing destruction of pyridine nucleotide. 

Investigations by Peck and Gest (3) with Escherichia coli and 
Clostridium pasteurianum have shown that crude extracts could 
also reduce pyridine nucleotide when catalytic levels of benzyl 
viologen were present. Confirmatory results have been ob- 
tained with the C. kluyverit system, and the data in Table III 
show that benzyl viologen can replace the cofactor. However, 
substitution for the cofactor is not limited to this 1-electron dye 
but the 2-electron dye, Safranin O, can also function. Ovxida- 
tion-reduction dyes with potentials appreciably higher than the 
pyridine nucleotide couple ( —0.320) do not function. 

Effect of FAD in Replacing Cofactor—The experiments with 


TaB_e III 
Effect of various dyes on pyruvate reduction with hydrogen 


Pyruvate reduction was determined by the standard assay pro- 
cedure except that the cofactor, when omitted, was replaced by 
either water or dye (final concentration 3.3 &X 10-4 M). 


Dye 
Addition E's disappear. | Feduction 
of cofactor 
pmoles 
Indigo disulfonate................... —0.125 | 0.10 + 
Methylene blue....................| +0.011 | 0.00 +- 
Dichlorophenol indophenol.........| +0.217 0.14 


* Nonenzymatic reduction due to GSH in extract. 


TABLE IV 


Requirements for FAD-stimulated reduction of pyruvate* 
with hydrogen 


Pyruvate reduced 
(corrected for disap- 
pearance under helium) 


Reactant omitted 


pumoles 
0.00 
Clostridium kluyveri extract................ 0.00 


* Pyruvate reduction determined by standard assay procedure. 


976 Hydrogen Oxidation 


Vol. 234, No. 4 


COFACTOR (-N PPase) — 


FAD (-N P Pose) 


FAD or COFACTOR 
(+ NP Pase) 


A pM PYRUVATE REDUCED DUE TO FAD OR COFACTOR 


B 
COFACTOR) 
.6 = — 
.4 
FAD 

0 i | L 

fe) 4 2 3 4 5 6 


mi. FAD or COFACTOR 


Fig. 4. In both experiments, FAD and boiled cell extract, buf- 
fered at pH 7.5, with equal extinctions at 450 mu, were used (Eup = 
0.86). Pyruvate reduction determined by standard assay proce- 
dure. A. Effect of nucleotide pyrophosphatase on stimulatory 
activity of FAD and cofactor. The FAD solution and boiled cell 
extract, 3 ml. each, were each incubated with 10 units of the pyro- 
phosphatase for 4 hours at 30°. The reaction was stopped by plac- 
ing the tubes in boiling water for 5 minutes. Control tubes were 
incubated without enzyme and nucleotide pyrophosphatase was 
added immediately before heat inactivation. B. Effect of ultra- 
violet illumination on stimulatory activity of FAD and cofactor. 
The FAD solution and boiled cell extract, 3 ml. each, were each 
illuminated at room temperature for 64 hours with an ultraviolet 
lamp (Amax = 366 my) placed 0.5 inch from the tubes. Control 
tubes were covered with aluminum foil. At the end of this time 
period the extinction had decreased 63 and 47 per cent for the FAD 
and boiled cell extract, respectively. A, with ultraviolet; @, 
without ultraviolet; NPPase, nucleotide pyrophosphatase. 


benzyl viologen and Safranin suggest that the cofactor present 
in the boiled cell extract acts by undergoing alternate reduction 
and oxidation and mediates the transfer of electrons between an 
activated hydrogen intermediate and pyridine nucleotide. This 
hypothesis is further supported by the observation that FAD is 
partially effective in replacing the cofactor.? Other naturally 
occurring materials which have been tested and which fail to re- 
place the boiled cell extract include various pteridine derivatives, 
vitamins E and K, TPN, CoA, and lipoie acid. Crude TPN 
preparations from Sigma, yeast extracts from Sigma and Pabst, 
CoA residues from Pabst and Upjohn, and boiled cell extracts 
from Micrococcus lactilyticus* are all devoid of stimulatory ac- 
tivity; some of these preparations, however, do contain inhibitory 
materials which may have prevented detection of the cofactor. 
The FAD-stimulated reduction of pyruvate by hydrogen also 
requires the presence of DPN and lactic dehydrogenase as in- 
dicated in Table IV. It is unlikely that the activity of FAD is 
due to a contaminant, since the natural and synthetic coenzymes 


3 Previous attempts to demonstrate stimulation by FAD failed 
(6). This was due to the use of relatively impure preparations of 
FAD containing significant amounts of riboflavin monophosphate 
which inhibit the reaction. 

* Kindly supplied by Dr. G. D. Novelli. 
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possess identical activities. Thus, 0.085 umole of natural FAD 
from yeast (Sigma, 65 per cent pure) or the synthetic product 
(60 per cent pure) each stimulated the reduction of 0.61 umole 
of pyruvate. Lumichrome, lumiflavin, riboflavin, and _ ribo- 
flavin monophosphate do not have any appreciable activity. 

Relationship Between FAD and Cofactor—The available data 
indicate that FAD and the cofactor are not identical. The con- 
centration (as estimated on the basis of 450 my absorption) of 
cofactor and of FAD required to produce the same rate of pyru- 
vate reduction is much lower in the case of the cofactor. This 
is shown in Fig. 4. Not only are the saturation curves different 
but the maximal rate of pyruvate reduction is 1.5 times greater 
with the cofactor than with FAD. In a typical experiment, 
saturation levels of FAD and the cofactor stimulated the reduc- 
tion of 0.93 and 1.51 umoles of pyruvate, respectively. When 
both were present at saturation, 1.53 umoles of pyruvate disap- 
peared, indicating that the lower rate is not due to an inhibitor 
present in FAD. 

The stimulatory activity of both FAD and the cofactor is 
completely abolished by nucleotide pyrophosphatase (12) as 
shown in Fig. 4A. This suggests that the active component in 
the boiled cell extract has a pyrophosphate bond and may be a 
dinucleotide. 

Light inactivation studies have produced curious results. 
When neutral solutions of FAD or the boiled cell extract are 
illuminated for several days with either a tungsten or ultraviolet 
lamp, essentially no loss in stimulatory activity is observed, al- 
though the absorption at 450 my may have decreased as much 
as 60 per cent. The results are depicted in Fig. 4B. The re- 
sults suggest that an intact isoalloxazine ring system may not be 
required for activity. Isolation of the active products of illu- 
minated FAD is now in progress. 


DISCUSSION 


The present investigation of hydrogen oxidation by C. kluyveri 
has suggested the following main points. (a) Flavin reduction 
(as well as tetrazolium, methylene blue, indigo disulfonate, and 
indophenol reduction) does not require the participation of a 
heat stable cofactor which is necessary for pyridine nucleotide 
reduction. (b) The cofactor probably functions as an electron 
carrier between an activated hydrogen intermediate and DPN 
because it can be replaced by benzyl viologen and Safranin O. 
(c) FAD is partially effective in substituting for the cofactor. 
(d) At least two enzymes are involved in pyridine nucleotide re- 
duction. (e) An enzyme not required for dye or flavin reduction 
is necessary for DPN reduction. ‘These conclusions are illus- 
trated in Diagram 1, 

D1aGRAM 1 


Cofactor 
benzyl! viologen 
Safranin O 
FAD 

riboflavin phosphate 
indigo disulfonate 
triphenyl tetrazolium 
methylene blue 
dichlorophenol indophenol 


H: — DPN 


This scheme may not only describe hydrogen oxidation in C. 
kluyvert but may also operate in other organisms. Wittenberger 
and Repaske (5) have recently shown that unidentified cofactors 
are required for the reduction of DPN by freshly prepared ex- 
tracts of Hydrogenomonas eutropha. Upon prolonged storage 
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these extracts lose all ability to reduce pyridine nucleotides but 
can still reduce methylene blue with hydrogen. 

However, the system described by Packer and Vishniac (13) 
in Hydrogenomonas ruhlandii differs from that of C. kluyveri in 
several interesting and significant features. (a) DPN reduction 
in H. ruhlandit is dependent on catalytic levels of riboflavin 
monophosphate. FAD, but not the monophosphate, is effective 
in the C. kluyveri system. (b) With H. ruhlandii, DPN was re- 
quired catalytically for the reduction of benzyl viologen and 
methylene blue. No evidence has been obtained for a DPN 
requirement for dye reduction by C. kluyveri. Furthermore, 
Peck and Gest (3) have shown that benzy] viologen is necessary 
in catalytic amounts for DPN reduction by preparations of £. 
coli which contain little flavin and do not reduce riboflavin mono- 
phosphate with hydrogen. (c) H. ruhlandii could catalyze the 
evolution of hydrogen from DPNH. Korkes was unable to 
demonstrate such a reaction in C. kluyvert. 

The fact that flavin nucleotides and dyes can be reduced in 
the absence of cofactor suggests that this cofactor does not 
function directly in the activation of hydrogen. These results 
are in agreement with those obtained by Krasna e¢ al. (14), for 
the purified soluble hydrogenase of Desulfovibrio desulfuricans. 
With the use of the deuterium exchange method, these workers 
were unable to obtain any evidence for the participation of a co- 
factor in the activation of molecular hydrogen. 

Numerous investigators have postulated that the reduction of 
pyridine nucleotides by hydrogen and the photolytic reduction of 
pyridine nucleotides may involve common reactions (15). Dr. 
A. San Pietro has kindly provided us with a sample of spinach 
photosynthetic pyridine nucleotide reductase (16). Attempts 
to stimulate pyridine nucleotide reduction with hydrogen by 
addition of this enzyme to extracts which are unable to carry 
out this reaction (preparations from cell lot B) or extracts which 
show a parabolic response to protein concentration (aged prep- 
arations from cell lot A) gave negative results. 

The relationship between FAD and the cofactor in boiled cell 
extracts of C. kluyveri is now under investigation. The present 
data indicate that the cofactor has a higher affinity for the 
enzyme(s) and a higher rate of reactivity at saturation than 
FAD. These results suggest that FAD and the cofactor are not 
identical. The possibility exists, however, that there are two 
cofactors present in the boiled cell extract which are required 
for maximal activity and that one of these may be identical with 
FAD. A definitive answer is contingent upon the eventual isola- 
tion and characterization of the active component(s). 


SUMMARY 


The alternative routes of hydrogen oxidation by Clostridium 
kluyveri have been investigated with the following results. 

1. Flavin nucleotide and dye reduction do not require the 
participation of a heat-stable cofactor which is necessary for 
pyridine nucleotide reduction. 

2. Flavin adenine dinucleotide is partially effective in replacing 
the cofactor but is not identical with it. 

3. At least two enzymes are involved in pyridine nucleotide 
reduction. 

4. An enzyme not required for dye and flavin reduction is 
necessary for diphosphopyridine nucleotide reduction. 


Acknowledgment—I should like to express my sincere apprecia- 
tion to Dr. Earl R. Stadtman, who originally suggested this 
problem, for his generous and invaluable advice. 
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Since our initial report (1) on the occurrence of pyridine nucleo- 
tide transhydrogenase activity in animal tissue mitochondria 
and the purification of such an enzyme from beef heart mito- 
chondria, there have been a number of papers which have con- 
firmed and extended our findings (2-5). In our first publication 
we reported that the animal tissue mitochondrial preparations 
catalyzed the following reversible reaction: 


TPNH + DPN = TPN + DPNH (1) 


In addition, a second transfer reaction between the oxidized and 
reduced forms of DPN was described. This reaction was fol- 
lowed by means of DPN labeled with C™ in the nicotinamide 
moiety (6), or by a reaction involving deamino-DPN! (1) as il- 
lustrated in the following equation: 


DPNH + deamino-DPN — DPN + deamino-DPNH (2) 


During the course of studies with flavoproteins, it was noted 
that certain of these enzyme preparations catalyzed the oxidation 
of DPNH by the acetylpyridine analogue of DPN (7-9) accord- 
ing to Equation 3: 


DPNH + acetylpyridine (DPN) — 
DPN + acetylpyridine (DPNH) (3) 


This reaction could be followed directly in the spectrophotometer 
utilizing the difference in absorption maxima of DPNH and its 
reduced acetylpyridine analogue (8). DPNH and reduced de- 
amino-DPN have identical spectra. Furthermore, Reaction 3 
goes to completion because of the more positive potential of the 
acetylpyridine analogue of DPN (9). 

Studies measuring transhydrogenase activity by cytochrome c 
reduction and oxygen uptake (10) indicated that the enzyme was 
present in rat liver mitochondria in higher concentrations than 
those obtained by our original assay system, which involved the 
generation of DPNH mediated by the transhydrogenase in the 
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National Institutes of Health. 

1 The abbreviations used are: acetylpyridine (DPN) and acetyl- 
pyridine (DPNH), 3-acetylpyridine analogues of DPN and 
DPNH, respectively; acetylpyridine (TPN) and acetylpyridine 
(TPNH), 3-acetylpyridine analogues of TPN and TPNH respec- 
tively; deamino-DPN, hypoxanthine analogue of DPN. 


presence of the isocitric dehydrogenase system and catalytic 
amounts of TPN; the reaction was followed at 340 my. It ap- 
peared to us that the oxidation of TPNH by the acetylpyridine 
analogue of DPN, as given in the following equation 


TPNH + acetylpyridine (DPN) — 
TPN + acetylpyridine (DPNH) (4) 


could be a more sensitive and perhaps more meaningful method 
for measuring transhydrogenase activity. 

It is the purpose of this paper to describe the application of 
the above reaction to the determination of transhydrogenase 
activity in animal tissues and also to give further information on 
reaction 3. Data will also be given on the following two reac- 
tions: 


DPNH + acetylpyridine (TPN) — 

DPN + acetylpyridine (TPNH) (5) 
TPNH + acetylpyridine (TPN) — 

TPN + acetylpyridine (TPNH) (6) 


Information as to whether one or more enzymes are involved 
in the various transfer reactions of the pyridine nucleotides will 
also be presented. 


EXPERIMENTAL 


DPN, DPNH, and TPN were obtained from the Pabst Lab- 
oratories. TPNH was obtained from the Sigma Chemical Com- 
pany. The acetylpyridine and pyridine-3-aldehyde analogues of 
DPN were obtained from the Pabst Laboratories. The acetyl- 
pyridine analogue of TPN was prepared by the transglycosidase 
reaction as described previously (8). The thionicotinamide 
analogue of DPN was prepared by Dr. B. M. Anderson (11). 
The digitonin used was a preparation of the Merck Chemical 
Company. t-Thyroxine and triiodothyronine were obtained 
from Smith, Kline and French Laboratories. 

Preparation of Tissues—Mitochondria, microsomes, and solu- 
ble fractions were obtained from rat and rabbit tissues as de- 
scribed by Kielley and Kielley (12). The tissues were forced 
through a stainless steel press with holes about 1 mm. in diameter, 
and the weight of the tissues was estimated by displacement of 
0.25 m sucrose in a graduated cylinder. Homogenization was 
carried out in a TenBroeck all-glass, hand homogenizer in a 10- 
fold dilution of 0.25 m sucrose. The particles sedimenting be- 
tween 600 X g and 6,000 x g, and 25,000 x g and 105,000 x 
g were considered to be the mitochondrial and microsomal 
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fractions, respectively. Beef heart mitochondria were prepared 
as described previously (1), or by a modification of the method of 
Singer (13). 

Concentration of Analogues—The concentration:of the acetyl- 
pyridine analogue of DPN was measured by reduction with 
yeast alcohol dehydrogenase and ethanol with semicarbazide as 
a trapping reagent. The extinction coefficient of the reduced 


AP(DPNH)- aM DPNH 


j 


80 


l 


400 


| 
60 
millimicrons 
Fic. 1. Calculated difference of absorption between the acety]- 
pyridine analogue of DPNH and DPNH. Enpu for DPNH is 
taken as 6.22 at 340 mu, and for the analogue as 7.8? at 365 my, at 
the maximum of 375 my, F = 5.1. 
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Fic. 2. Comparative rates of TPNH-DPN transhydrogenase 
determined with DPN and the acetylpyridine analogue of DPN 
(APDPN) as acceptors. The reaction mixtures are as described 
in the text, with the use of digitonized mitochondria from 25 mg. 
of rat liver, fresh weight. The reaction with TPNH is followed 
at pH 6.5. The reactions with isocitrate dehydrogenase and 
isocitrate (1) are followed at pH 7.5. 
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analogue at 365 my was taken as 7.8 (8).2, The concentration 
of the acetylpyridine analogue of TPN was determined by form- 
ing the cyanide addition product (8). 

Estimation of Mitochondrial Protein—Of the mitochondrial sus- 
pensions, 0.5 to 1 ml. is precipitated with 5 ml. of 10 per cent 
trichloroacetic acid, extracted with hot 95 per cent ethanol and 
ether, and air dried. The residues are dispersed in 0.5 to 1 ml. 
of 0.5 n NaOH overnight. Aliquots of 0.1 ml. of the resulting 
solutions, diluted with 1.5 volumes of water, are assayed by the 
procedure of Lowry (14), with bovine serum albumin as a stand- 
ard. By this method, approximately 20 mg. of mitochondrial 
protein are equivalent to a gm. of fresh rat liver. 


RESULTS 


Reaction Measurement—The reaction of TPNH and DPNH 
with pyridine nucleotide analogues was followed at room tem- 
perature in a 3-ml. cuvette with a 1-cm. light path in a Beckman 
model DU spectrophotometer. The contents of the cuvette 
were 0.3 mmole of potassium phosphate buffer, pH 6.5 or 7.5; 
3 umoles of KCN; 0.4 umole of reduced pyridine nucleotide; and 
0.6 umole of acetylpyridine analogue of DPN in a final volume 
of 3 ml. The rate of reaction was estimated with the spectral 
difference of DPNH and its acetylpyridine analogue shown in 
Fig. 1. Generally the reaction is followed at 375 my, where the 
spectral difference is 0.0051 optical density unit per mumole of 
analogue reduced. Small corrections for endogenous oxidation 
of reduced pyridine nucleotides were applied, when necessary, 
by subtracting the values obtained from a control cuvette with- 
out analogue acceptor. The rates of endogenous oxidation of 
reduced pyridine nucleotides in whole mitochondrial prepara- 
tions are generally quite small, amounting to no more than 5 to 
10 per cent of the optical density change at 375 my. Thereduced 
analogues under the conditions of the experiments are oxidized 
at a slow rate; no corrections were made for this oxidation during 
the course of the transhydrogenase reactions, and, therefore, the 
rates reported represent minimal values. A study of the rate of 
reaction followed at several wave lengths indicated no significant 
effect of the pyridine nucleotide analogues on the endogenous 
oxidation of TPNH or DPNH in mitochondrial preparations. 

Efficiency of Acetylpyridine Analogues—The rates of reaction 
of the TPNH-DPN transhydrogenase reaction with the use of 
DPN and its acetylpyridine analogue as acceptors are compared 
in Fig. 2. Under the conditions studied, the reaction is 5 to 6 
times faster with the analogue as acceptor than with DPN. 

Effect of Digitonin on Rate of Reaction—Digitonin was used 
originally (1) to extract transhydrogenase activity in a non- 
sedimentable form from beef heart particles. Treatment of 
mitochondria with digitonin before assay has been adopted for 
routine estimation of rates of reactions in mitochondria. Table 
I shows the effect of digitonin concentration on the activities of 
Reactions 4 and 3. In a typical preparation, mitochondria are 
prepared in sucrose to a final concentration representing 0.2 to 
0.25 ml. of tissue press per ml. of suspension. Before assay, 1 
ml. of mitochondrial suspension is mixed with 1 ml. of 1 per cent 
digitonin adjusted to about pH 7.5 (0.02 m.eq. of NaOH per 10 
ml. of solution). Routinely, 0.05 ml. of mixture is assayed 10 


2 Recent data from the Pabst Laboratories with the use of a 
purer preparation of the reduced acetylpyridine analogue of DPN 
indicate the mm extinction coefficient to be 9.1 rather than the 7.8 
value originally reported. 
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TABLE I 
Activation by digitonin of rat liver mitochondrial 
transhydrogenases 
TPNH Ipyridi DPNH tylpyridi 
Digitonin concentration 


Analogue reduced per min. per ml. of reaction mixture* 


% mymoles myumoles 
4.65 8.24 
0.125 7.57 8.12 
0.25 7.78 11.7 
0.50 8.47 14.0 
1.0 6.92 13.9 


* Mitochondria equivalent to 10 mg. of fresh liver were used. 
A mitochondrial suspension of 20 mg. per ml., fresh weight equiva- 
lent, was diluted with equal volumes of digitonin to yield the 
indicated concentrations. 
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Fic. 3. The effect of concentration of digitonized rat liver 
mitochondria on the TPNH-acetylpyridine (DPN) transhydro- 
genase. One volume of mitochondrial suspension is added to one 
volume of 1 per cent digitonin to yield the equivalent of 10 mg. of 
fresh tissue per 0.10 ml. mixture. The rates are expressed in 
myumoles per ml. of reaction mixture. The reaction is followed at 
365 mu. Conditions are described in the text. The reaction is 
carried out at pH 6.5 at 25°. 


to 20 minutes after addition of digitonin, but no loss of activity 
was observed after several hours of storage of the digitonized 
suspension in an ice bath. Vignais and Vignais (4) have re- 
ported similar effects of digitonin on mitochondrial reaction rates. 
The importance of the use of small volumes of digitonized mito- 
chondria for quantitative assay is shown in Fig. 3, where a loss 
of proportionality between activity and enzyme concentration is 
obtained with increasing amounts of enzyme. Under the condi- 
tions described above, the mitochondrial fraction from 1 gm. of 
fresh rat liver catalyzes at pH 6.5 the reduction of 3.5 to 4 umoles 
of the acetylpyridine analogue of DPN by TPNH per minute. 
Pigeon liver mitochondria show little transhydrogenase ac- 


TIME IN MINUTES 
Fic. 4. Effect of digitonin on the reactions of TPNH and DPNH 
with the acetylpyridine analogue of DPN in pigeon liver mito- 
chondria. Mitochondria from 18 mg. of liver, fresh weight. 
O——O, mitochondria preincubated 10 minutes in the reaction 
mixture; @——@, mitochondria lysed in 0.5 per cent digitonin. 


Conditions are described in the text. The reaction is carried out 


at pH 6.5 at 25°. 
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TIME IN MINUTES 
Fic. 5. Rates of various transhydrogenases in digitonin extracts 
(1) of beef heart mitochondria. APDPN represents the acetyl- 
pyridine analogue of DPN; APTPN, the acetylpyridine analogue 
of TPN. The conditions are described in the text. 


tivity when assayed directly by the reduction of the acetyl- 
pyridine analogue of DPN when either TPNH or DPNH are 
donors. On treatment with digitonin there is a remarkable in- 
crease in both activities (see Fig. 4) and the rates are comparable 
to those found in rat liver. It is evident from these observations 
that precautions are essential in interpreting the relative con- 
centrations of transhydrogenase activities in mitochondria. 
Occurrence of Reactions—Relative rates of reduction of the 
acetylpyridine analogues of DPN and TPN by reduced pyridine 
nucleotides are shown in Fig. 5 for a digitonin extract (1) of beef 
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TaBLeE II 
Distribution of transhydrogenase reactions in digitonized 
mitochondria of rat and rabbit tissues as measured 
by reduction of acetylpyridine analogue of DPN 


Analogue reduced/min./mg. 
protein 
ve TPNH |DPNH|TPNH DPNH 
| 
Rat Rabbit 
Mitochondria | 181 254 | 102 76 
Microsomes 14 16 
Mitochondria | 367 490 | 115 | 361 
Mitochondria | 168 243 | 166 | 193 
Mitochondria | 34 290 |} 25) 8&9 
Mitochondria | 143 176 | 93) 8&1 
Mitochondria | 112 234 
Skeletal Muscle....... Mitochondria | 137 290 | * 99 
Mitochondria | 372 
Novikoff Hepatoma...| Mitochondria | 27 59 
Mitochondria | 32 


* Negligible activity. 
+ Prepartum placentae, average about 10 mm. in diameter. 
t Supernatant of 25,000 X g centrifugation. 
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Fic. 6. Effect of anaerobiosis on Reactions 4 and 3 in rat liver 
microsomes. The reaction mixtures contained 0.1 M potassium 
phosphate, pH 6.8; 0.001 m KCN; 0.003 m MgCl.; 600 ug. of acetyl- 
pyridine analogue of DPN (APDPN); 400 ug. of TPNH or DPNH; 
and 0.1 cc. of the microsomal preparation in a final volume of 3 cc. 
The reaction is started by the addition of the microsomes. The 
anaerobic experiments were carried out in a Thunberg-type cu- 
vette. 


heart mitochondria. Digitonin extracts of rat liver mitochondria 
show a similar spectrum of activities. As in the case of the beef 
heart mitochondria, the rat liver mitochondrial extracts fail to 
catalyze Reaction 6 and catalyze Reaction 5 at a considerably 
slower rate than Reaction 4. In the purification of the beef 
heart enzymes (1), the activity of the TPNH-DPN reaction fol- 
lows closely that of the corresponding analogue reaction. The 
reaction of TPNH with the acetylpyridine analogue of TPN 
(Reaction 6) is virtually absent from all mitochondrial prepara- 
tions tested. However, this reaction has been detected in ap- 
preciable amounts in the microsomal fraction of rat liver. It has 
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also been found to be catalyzed by a diaphorase from chloro- 
plasts and by a beef heart TPN H-cytchrome c reductase prepara- 
tion by Weber and Kaplan (15), and lately by us in the soluble 
fraction of Chromatium sonicates. The low rate of reaction of 
DPNH with the acetylpyridine analogue of TPN is in accord 
with the relatively slow rate of the reverse transhydrogenase 
reaction (Reaction 1), previously observed in animal tissue mito- 
chondria (1). The distribution of the major transhydrogenase 
reactions in rat and rabbit tissue fractions is shown in Table II. 
These results are in general agreement with previous data (1). 
The greater sensitivity of the present method allows more reliable 
estimates of rates in tissues with low activities. It appears, at 
least in the case of liver, that some of the older data may have 
been complicated by the impermeability of the mitochondria. 
Rat liver microsomes display much less transhydrogenase ac- 
tivity than do mitochondria. Fig. 6 shows the effect of anaerobic 
conditions on Reactions 4 and 3 in microsomes. The failure to 
observe the reaction of the acetylpyridine analogue of DPN with 
TPNH under aerobic conditions may be due to the fact that at 
the concentration used (0.001 m), the cyanide added fails to in- 
hibit the oxidation of TPNH completely. It should be noted 
that the anaerobic activity of Reaction 4 in microsomes is only 
about 25 per cent of that obtained aerobically with digitonin. 
As previously noted (1), all pyridine nucleotide transfer reactions 
are either absent or present only in trace amounts in the 105,- 
000 X g supernatants of mammalian tissue homogenates. Fur- 
ther, the amount of such activities recovered appears to be in- 
fluenced by the length of time the samples are exposed to the high 
centrifugal field. We have detected a low rate of reduction of 
the acetylpyridine analogue of DPN by TPNH in the soluble 
fraction of human placenta in agreement with some of the ob- 
servations reported by Talalay and Williams-Ashman (16). The 
results were complicated by an endogenous reduction of the 
analogue several times greater than found with added TPNH. 

Reduction of Other Pyridine Nucleotide Analogues—We have 
found that the pyridine-3-aldehyde analogue of DPN (8, 9) can 
act as an acceptor in Reactions 3 and 4 in rat liver and beef 
heart mitochondria. We have studied in some detail the role 
of the thionicotinamide analogue of DPN® as acceptor in these 
reactions in rat and rabbit tissues. This analogue (17) is only 
about 50 per cent as effective as the acetylpyridine analogue as 
an acceptor in Reaction 4. On the other hand, it is as active or 
more active than the acetylpyridine analogue in Reaction 3, in 
spite of its lower oxidation-reduction potential (17). This was 
particularly marked with the partially purified enzyme from rat 
liver mitochondria (18); here the activity with the thionicotin- 
amide analogue was found to be 4 to 5 times greater than with 
the acetylpyridine analogue. These studies will be reported in 
detail elsewhere. 

Affinity Constants—The Michaelis constants of the various 
pyridine nucleotides in Reactions 4 and 5 have been determined. 
K,, values for Reaction 4 are 7.5 * 10-5 m for TPNH and 1.5 X 
10-5 m for the acetylpyridine analogue of DPN as determined by 
Lineweaver-Burk plots. Similarly, in Reaction 5, the values 
are 9.3 m and 7.7 10-5 m for DPNH and the acetyl- 
pyridine analogue of TPN, respectively. The latter determina- 


3 The reduced thionicotinamide analogue of DPN has an absorp- 
tion maximum at 400 my and the reaction can be followed readily 
by the difference between the reduced spectrum of this compound 
and that of DPNH. The pig heart diaphorase transfer reaction 
has been studied in this manner (17). 
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TaB_eE III 


Effect of storage on rat liver mitochondrial 
transhydrogenases* 


A. M. Stein, N. O. Kaplan, and M. M. Ciotti 


DPNH + acetylpyridine TPNH + acetylpyridine 
(DPN) | (DPN) 


Days stored at 4° 


4A%5 my from 2 to7 min. 


0 0.243 0.118 
1 0.230 | 0.082 
4 0.213 0.060 
5 0.205 0.025 
6 0.215 | 0.033 
11 0.227 0.020 


* The preparation used was a calcium phosphate gel superna- 
tant of a digitonin extract of rat liver mitochondria. 


TaBLeE IV 
Effect of thyroxine and triiodothyronine on beef heart 
transhydrogenases 


Suspension of beef heart mitochondria added to cuvette at 
zero time; acetvlpyridine analogue of DPN used in all reactions. 


Inhibitor Concentration mi of reaction 
TPNH None 8.09 
TPNH Thyroxine 3.7 5.37 
TPNH Triiodothyronine 3.7 X 1075 2.84 
DPNH None 19.9 
DPNH | Triiodothyronine 3.7 X 107° | 19.9 


tions are in general agreement with the constants reported by 
Humphrey (2) for the reaction between DPNH and TPN. 

Identity of Reactions—Differentiation of the transhydrogenase 
reactions of animal tissue mitochondria has been obtained from 
several types of evidence. Table III illustrates that the system 
responsible for the catalysis of Reaction 3 is stable on storage at 
4°, whereas the transfer between TPNH and the acetylpyridine 
analogue of DPN (Reaction 4) deteriorates. Sonic oscillation of 
rat liver and beef heart mitochondria leads to a considerable 
extraction of the activity represented by Reaction 3 in the 105,- 
000 X g supernatant fluid, but fails to extract the activity repre- 
sented by Reaction 4 in significant amounts. Reaction 4 was 
found to be far more sensitive to treatment with solvents and to 
dialysis than Reaction 3. We have been able to substantiate 
the report of Ball and Cooper (3) that thyroxine inhibits the 
TPNH-DPN transhydrogenase activity when assayed by Re- 
action 4. However, triiodothyronine, and in separate experi- 
ments, thyroxine, had no effect on the reaction of DPNH with 
the acetylpyridine analogue of DPN (Table IV). Fig. 7 shows 
the effect of triiodothyronine on the forward and reverse re- 
action of transhydrogenase (Reaction 4). Essentially identical 
inhibitions were obtained by triiodothyronine in the two reac- 
tions. We have further shown that 2,4-dinitrophenol has little 
or no effect on the TPNH reaction with the acetylpyridine 
analogue of DPN (4 per cent inhibition at 10-4 om). 

The transhydrogenase reaction between TPNH and DPN does 
not appear to be associated with the diaphorase activities of 
mitochondria (19, 18), since the latter are readily extractable by 


TPNH + AP(DPN) OPNH + AP(TPN) 


TIME IN MINUTES 


Fic. 7. The effect of triiodothyronine on the TPNH + acetyl- 
pyridine analogue of DPN (APDPN), Reaction 4, and DPNH + 
acetylpyridine analogue of TPN (APTPN), Reaction 5, reactions 
in a solubilized (1) preparation of beef heart mitochondria. En- 
zyme, 0.2 ml., was used in Reaction 4 and 0.3 ml. was used in Reac- 
tion 5. I;T refers to 1 XK 10-4Mmtriiodothyronine. The reactions 
were run at pH 6.5. The conditions are described in the text. 


TaBLe V 
Effect of heating on TPNH-acetylpyridine (DPN) 
transhydrogenase and TPNH diaphorase 
Suspension of beef heart mitochondria in 0.05 m potassium 
phosphate buffer, pH 7.0, was heated at 56° for various time 
intervals. 


Acceptor 


2,6-dichlorophenolindo- | Acetyl pyridine analogue 
phenol* of DPN 


min. myumoles reduced ml.~' of reaction mixture 
0 | 3.3 32 
1 | 2.6 25 
2 3.5 15 
4 | 3.2 0 


* Reaction mixture buffered with 0.3 ml. of tris(hydroxymethyl) 
aminomethane buffer, 0.2 m, pH 7.6. Diaphorase activity was 
assayed as described previously (18). 


sonic oscillation in contrast to the former. Further, it appears 
that TPNH diaphorase is quite resistant to heating, whereas the 
transhydrogenase which catalyzes the interaction between the 
two forms of the pyridine coenzymes is readily destroyed (Table 
V). We have failed to obtain any evidence for Reaction 4 either 
in reaction mixtures containing DPNH or TPNH specific dia- 
phorases, or the nonspecific diaphorase A of rat liver mito- 
chondria (18). This latter enzyme reacts with both TPNH and 
DPNH. 


DISCUSSION 


The data presented in this paper illustrate the advantage of 
the use of pyridine coenzyme analogues in measuring the pyridine 
nucleotide transhydrogenase reactions. The higher values ob- 
tained with the analogues may be related, in part, to the high 
oxidation-reduction potential of the acetylpyridine coenzymes 
(19). Furthermore, the difference in absorption maxima and 
the higher extinction coefficients of the reduced analogues makes 
possible a simple and direct method for following the transhy- 
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drogenase reactions and eliminates the requirement of adding 
other enzymes (1). Because of the more positive oxidation-re- 
duction potential of the acetylpyridine nucleotides, the reactions 
proceed to completion. 

Measurement of TPNH-DPN transhydrogenase activity, 
either by cytochrome c reduction or by oxygen consumption, 
indicated considerably higher activity for rat liver mitochondria 
than found with the original assay procedure (10). The value 
for the reaction of TPNH with the acetylpyridine analogue of 
DPN is more in line with the results obtained with the former 
methods. It might be expected that the cytochrome c reduction 
reaction is more favorable for the assay of transhydrogenase, 
because of the removal of DPNH, as indicated by the following 
equations: 

TPNH + DPN = TPN + DPNH 
DPNH + cytochrome c Fe+*+ — DPN + cytochrome c Fe** 


Similar considerations would hold for the removal of DPNH by 
oxygen uptake. With the use of the acetylpyridine analogue of 
DPN as acceptor, the equilibrium problems are avoided and the 
reaction proceeds much more rapidly. 

In discussing the equilibrium of the transhydrogenase reaction, 
it should be pointed out that under normal conditions in mito- 
chondria the DPN is probably bound to protein. As indicated 
by Theorell and Bonnichsen (20) the binding of DPN increases 
the oxidation-reduction potential of the DPNH-DPN couple 
some 0.06 volt. This, therefore, would favor energetically the 
reduction of DPN in the transhydrogenase reaction as occurring 
under natural conditions. 

It is difficult to attempt to account for the respiratory rates 
in terms of measurement of individual enzymatic steps. This is 
pointed out by Ernster and Navazio (21) in reference to a role 
played in respiration by a possible DPN-linked isocitrate de- 
hydrogenase of rat liver mitochondria. These authors, on the 
basis of low values obtained with their transhydrogenase assays 
on rat liver mitochondria, have ruled out transhydrogenase (Re- 
action 1) as a factor in isocitrate oxidation by mitochondria in 
favor of the aforementioned DPN-linked isocitrate dehydro- 
genase. With our present method of assay, we have obtained 
values for the rate of TPNH-DPN transhydrogenase 40 to 50 
times greater than those reported by Ernster and Navazio (21), 
sufficient to accommodate the rate of reduction of TPN by iso- 
citrate and about 5 times greater than the isocitrate-coupled 
oxygen uptake observed by these authors. We have observed 
the rate of the transhydrogenase reaction to be in the same order 
of magnitude as TPN-isocitrate dehydrogenase and DPNH- 
cytochrome c reductase in rat liver mitochondria. 

Although the acetylpyridine analogues of DPN and TPN are 
active with the animal tissue dehydrogenases, they will not act 
as acceptors in the Pseudomonas fluorescens transhydrogenase 
system (15). Hence, caution must be used when applying the 
analogue method for the assay of transhydrogenase activities of 
different sources. As noted above, DPNH will react with the 
thionicotinamide analogue of DPN. The relative rates of reac- 
tion with the two analogues appear to be different in different 
tissues. This suggests some structural differences between the 
enzymes of different tissues catalyzing Reaction 3. 

The Pseudomonas enzyme (22) catalyzes the exchange between 
TPNH and DPN as well as the DPNH-DPN reaction. These 
two activities have not been separated, and it appears possible 
that they are due to one protein. The experiments reported in 
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this paper indicate that these reactions are catalyzed by two 
different proteins in the animal tissue mitochondria. The re- 
action of DPNH with the acetylpyridine analogue of DPN has 
been solubilized by sonic oscillation and under these conditions 
the reaction of TPNH with the acetylpyridine analogue of DPN 
remains in the insoluble fraction. Although the reaction of 
DPNH with the acetylpyridine analogue of DPN appears to 
be associated with diaphorase activity, the enzyme appears to 
be distinct from the nonspecific diaphorase which is also present 
in mitochondria (18). 

It is of interest that the reaction of DPNH with the acetyl- 
pyridine analogue of TPN proceeds at a much slower rate than 
the converse reaction of TPNH with the acetylpyridine analogue 
of DPN. This difference in rate has also been observed with 
the natural coenzymes (1). It thus appears that the animal 
tissue transhydrogenase has some properties in common with 
the bacterial system, since with the latter enzyme the DPNH- 
TPN reaction is very sluggish and will not proceed unless 2’- 
adenylic acid is added (23). In the rat liver TPNH-DPN trans- 
hydrogenase, the affinities of the reduced pyridine nucleotides 
and pyridine nucleotide analogue acceptors are such as to possibly 
afford an explanation for the difference in rates for the forward 
and reverse reactions. It will be noted that the preferred direc- 
tion for Reaction 1 is consistent with Reaction 4 being more active 
than Reaction 5 and is in the direction of the nucleotides with 
the lowest K,, value. The difference in rate of the forward and 
reverse reaction may be of significance as a physiological regu- 
lating mechanism of electron transfer in mitochondria. 

Talalay and Williams-Ashman (16) have reported that the 
estradiol-B-17 dehydrogenase from human placenta can act as a 
transhydrogenase. This dehydrogenase is both TPN and DPN 
linked and Talalay and Williams-Ashman have suggested that 
the net transfer of hydrogen or electrons from TPNH to DPN 
mediated by placental extracts is effected by alternate oxidation 
and reduction of catalytic amounts of estradiol-8-17. It is sug- 
gested by these authors that transhydrogenase may be such an 
enzyme. It should be emphasized that the steroid dehydro- 
genase uciivity is located in the soluble fraction of the cytoplasm 
whereas essentially all of the transhydrogenase activity which we 
have detected is present in particulate fractions of the cell. It 
is of interest that the properties of rat liver mitochondrial trans- 
hydrogenase are different from those reported by Talalay et al. 
(24) for his placental enzyme, both with respect to affinity of 
pyridine nucleotides for the enzyme and the relative rates with 
pyridine nucleotide analogues. The possibility exists that the 
TPNH-DPN transhydrogenase of the mitochondria may be due 
to a TPN-DPN-linked dehydrogenase which conceivably may 
involve steroids. However, this has yet to be demonstrated, 
and until this point has been clarified, confusion might arise if 
the activity described by Talalay and Williams-Ashman is 
linked with the transhydrogenase system which we have studied 
in mitochondria. Further work on the purification of mito- 
chondrial transhydrogenases is now under way. 

Navazio et al. (25) have attempted to account for the oxida- 
tion of TPNH in rat liver by the lactic dehydrogenase activity 
of the soluble fraction of rat liver homogenates. This attempt 
becomes necessary if one ignores the potent TPN-DPN trans- 
hydrogenase we have demonstrated in mitochondria of rat liver 
and other tissues, and assumes a DPN-linked isocitrate dehy- 
drogenase in mitochondria to account for isocitrate oxidation. 
In spite of many attempts, we have failed to demonstrate any 
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Fig. 8. Rate of isocitrate-linked TPN and DPN reduction in 
depleted rat liver mitochondria (25). Mitochondria from 6.4 mg. 
of rat liver, fresh weight, were used. The reaction was carried 
out at pH 7.5, in potassium phosphate buffer, as described in the 
text, with 0.5 umole of either DPN or TPN. The reaction was 
started by addition of pyridine nucleotide. 


trace of DPN reduction with isocitrate in rat liver mitochondria 
where the pre-existing pyridine nucleotides have been removed 
by proper depletion (26). The results of such an experiment 
are shown in Fig. 8. The concept that the soluble lactic dehy- 
drogenase of rat liver will account for TPNH oxidation of the 
rat liver cell can be criticized on several counts. It obviously 
cannot account for isocitrate oxidation in mitochondrial prepara- 
tions, which must be assumed to be associated with TPN in the 
absence of convincing evidence for a mitochondrial DPN-linked 
isocitrate dehydrogenase in rat liver. It is doubtful that this 
process could account for a net TPNH oxidation since DPNH 
formed stoichiometrically with pyruvate during glycolysis would 
be preferentially oxidized by the pyruvate. Navazio et al. (25) 
have reported that the oxidation of TPNH by pyruvate with 
lactic dehydrogenase is about 2.5 per cent that of DPNH. Fur- 
thermore, the presence of high concentrations of DPN in the 
rat liver soluble fraction (27) would materially decrease this re- 
action, according to the data of Navazio et al. (25) on the inhibi- 
tion of TPNH oxidation by pyruvate in the presence of DPN. 
As indicated previously (28), lactic dehydrogenase does not carry 
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confirmed this with the use of the acetylpyridine analogue of 
DPN in the presence of catalytic or substrate concentrations of 
pyruvate. It should be noted that a net transfer of hydrogen 
or electrons from TPNH to DPN is implicit in the suggestion 
that lactic dehydrogenase can account for TPNH oxidation, un- 
less it is further suggested that an alternate pathway exists for 
lactate metabolism, not involving DPN. 

In confirmation of Ball and Cooper’s work (3), we have found 
that thyroxine and triiodothyronine, as well, will inhibit the 
transhydrogenase reaction as measured by Reactions 4 and 5. 
It is of interest that these compounds do not affect the reaction 
of DPNH with the acetylpyridine analogue of DPN. The sig- 
nificance of this inhibition is as yet not clear since we have found 
in preliminary experiments that hyper- and hypothyroid states 
do not produce notable changes in transhydrogenase levels of 
rat liver mitochondria. 


SUMMARY 


1. A method is described for the assay of transhydrogenase ac- 
tivity through the use of the acetylpyridine analogues of diphos- 
phopyridine nucleotide (DPN) and triphosphopyridine nucleotide 
(TPN). This method, which involves the transfer of hydrogens 
or electrons from reduced triphosphopyridine nucleotide (TPNH) 
to the acetylpyridine analogue of DPN, gives values considerably 
higher than those obtained by other methods. It has also been 
found, in confirmation of earlier work, that the highest levels of 
transhydrogenase are located in mitochondria of heart, kidney, 
and liver. Relatively little activity is found in brain. Nearly 
all of the transhydrogenase activity is located in the mitochon- 
dria, although some evidence has been obtained for the presence 
of low levels of transhydrogenase activity in rat liver microsomes. 

2. It has been found that the rat liver and beef heart trans- 
hydrogenases promote the reaction between TPNH and the 
acetylpyridine analogue of DPN at a much faster rate than the 
analogous reverse reaction, the reaction of reduced diphospho- 
pyridine nucleotide (DPNH) with the acetylpyridine analogue 
of TPN. 

3. Mitochondrial preparations will also promote a reaction be- 
tween DPNH and the acetylpyridine analogue of DPN. Evi- 
dence is presented which indicates that this reaction is catalyzed 
by a different enzyme than that which is responsible for the 
reaction of TPNH with the acetylpyridine analogue of DPN. 

4. Thyroxine and triiodothyronine have been found to inhibit 
the reaction of TPNH and the acetylpyridine analogue of DPN, 
whereas these compounds do not influence the reaction of DPNH 
with the acetvlpyridine analogue of DPN. 

5. The signiticance of the results of the acetylpyridine analogue 
assay for transhydrogenase reactions in whole mitochondrial 
preparations is discussed. A discussion of the various trans- 


out a transfer of reduction state from TPNH to DPN. Wehave hydrogenase reactions and their possible nature is presented. — 
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The exact nature of the phlorizin inhibition of biological trans- 
port remains unknown. A number of different studies have 
shown effects of the glycoside on both membrane permeability 
(1, 2) and cellular metabolism (3, 4). Shapiro (3) found in 1947 
that phlorizin in concentrations of 2 x 10-4 to 10-% m reduces 
the aerobic utilization of glucose, pyruvate, and citrate and de- 
presses creatine phosphorylation in a rat kidney mince. These 
observations were extended by Lotspeich and Keller (4) to 
homogenates of guinea pig kidney. They demonstrated in this 
preparation that phlorizin in similar concentrations inhibits the 
oxidation of all the substrates of the tricarboxylic acid cycle 
and that this inhibition can be completely prevented by an ex- 
cess of adenine nucleotides. 

Since the mitochondria contain the enzymes of the tricar- 
boxylic acid cycle and associated oxidative phosphorylation, it 
seemed worthwhile to extend our studies to these subcellular 
structures. Accordingly the present paper presents experi- 
ments with isolated respiring mitochondria from both kidney 
and liver. In these organelles phlorizin produces a similar de- 
fect of oxidative metabolism which has a special relation to the 
steady state of the respiratory electron carrier system. Besides 
reporting these studies, this paper also serves to introduce the 
following one (5) on the effect of phlorizin on the swelling of 
mitochondria in isotonic sucrose. These experiments, we be- 
lieve, largely explain the phlorizin defect in oxidative metabo- 
lism and also harmonize the disparate observations implicating 
phlorizin in both oxidative metabolism and membrane permea- 
bility. 

EXPERIMENTAL 


Studies on oxidative phosphorylation were carried out essen- 
tially as described by Copenhaver and Lardy (6). To the main 
compartment of the Warburg flasks the various components 
were added from isotonic solutions to give the following final 
concentrations in a 3-ml. volume: potassium phosphate buffer, 
pH 7.3, 13.3 mM; substrate (succinate, t-malate, 6-hydroxy- 
butyrate, or a-ketoglutarate), 6.7 mm; ATP, 2 mm; MgSO,, 7.5 
mM; cytochrome c, 0.012 mm; 0.5 ml. of mitochondria from 0.5 
gm. of tissue; 0.25 m sucrose to a volume of 2.7 ml. When di- 
sodium malonate was used to limit the oxidation of a-ketoglu- 
tarate to one step (6), its concentration was 20 mm. Phlorizin, 
when used, was placed in the main compartment unless other- 
wise noted. The hexokinase preparation, 0.2 ml., and glucose, 
0.1 ml. (for a final concentration of 16.7 mm) were added to the 
side arm. Saturated KOH, 0.2 ml., and a filter paper strip were 
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placed in the center well. Triplicate flasks were incubated at 
30° with air as the gas phase. After 3 minutes the side arm con- 
tents were tipped into the main compartment, and at 5 minutes 
the initial manometer readings were taken for oxygen uptake 
over the next 8 to 20 minutes. Deproteinization with 5 per cent 
trichloroacetic acid was carried out on one flask of each of 
triplicates at 5 minutes and on the respiration flasks imme- 
diately after the final manometer reading. Inorganic phos- 
phate was determined by the method of Lowry and Lopez (7), 
and phosphate uptake was calculated as the difference between 
that remaining after respiration and that present in the flask 
deproteinized at 5 minutes. The P:O ratio was calculated as 
the ratio of the micromoles of inorganic phosphate taken up to 
the microatoms of oxygen used. 

Mitochondria were prepared from rabbit kidney cortex (or 
other tissue when specified) in 0.25 M sucrose according to the 
method of Schneider (8). Each milliliter of final suspension rep- 
resented 1 gm. of original tissue. Crude hexokinase was pre- 
pared by a method of Loomis (unpublished)! and contained about 
300 Kunitz-McDonald units per ml. (9). 

Cytochrome c and the sodium salts of ATP and ADP were ob- 
tained from the Sigma Chemical Company. Crystalline phlori- 
zin was obtained from Bios Laboratories, Inc. This material was 
strongly glycosuric, showed a single spot with the Rp of phlorizin 
on the paper chromatogram (10), and showed the characteristic 
ultraviolet absorption peak of phlorizin at 285 my in the Beck- 
man spectrophotometer. 


RESULTS AND DISCUSSION 


Studies on Efficiency of Oxidative Phosphorylation—An initial 
series of experiments, summarized in Table I, was done to test 
for a phlorizin effect on oxygen uptake and P:O ratio. Mito- 
chondria from three tissues (rat liver, guinea pig kidney cortex, 
rabbit kidney cortex) were tested, and four different substrates 
were used (succinate, L-malate, 6-hydroxybutyrate, and a-keto- 
glutarate with malonate). In every instance where phlorizin 
was present at 5 x 10-4 M or higher, oxygen utilization was in- 
hibited and the efficiency of phosphorylation diminished. These 
results agree well with the report of Nagai (11) that mitochon- 
dria prepared from kidneys of rats given prolonged treatment 
with phlorizin showed lowered P:O ratios. 

With these findings established, it was important to test the 
effect of phlorizin on the isolated hexokinase reaction, because an 
inhibition of phosphate transfer from ATP to glucose might 
conceivably account for the observed oxidative effects. This 
was done by using the Colowick and Kalckar (12) technique for 


1 The method was kindly supplied to the authors by Dr. Roger 
L. Greif, Department of Physiology, Cornell University Medical 
College. 
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TABLE I 
Effect of phlorizin on oxidation and phosphorylation in mitochondria from kidney and liver 


Oxygen Utilization P:0 ratio 
Substrate 
Control | Phlorizin Control Phlorizin 
M patoms/min./ flask 
;* a-Ketoglutarate + malonate 5 X 10-4 .526 .320 3.0 0.5 
2t a-Ketoglutarate + malonate 5 X 10-4 . 380 .140 2.4 2.2 
3 a-Ketoglutarate + malonate 5 X 10-4 473 . 260 2.7 1.8 
a-Ketoglutarate + mlaonate 5 10-4 .500 2.8 2.4 
5 a-Ketoglutarate + malonate 5 X 10-4 .367 . 220 2.4 1.3 
6 a-Ketoglutarate + malonate 5 X 10-4 367 .307 2.4 2.4 
7 a-Ketoglutarate + malonate 1 X 10-3 .487 .307 2.2 1.3 
8 a-Ketoglutarate + malonate 1 X 10°? .420 .033 3.0 0.5 
9f a-Ketoglutarate + malonate 5 & 10-4 .400 .390 3.1 3.0 
10 a-Ketoglutarate + malonate 1 10-3 . 300 . 187 2.1 0.9 
11 a-Ketoglutarate + malonate 1 X 10°3 . 280 167 3.0 2.7 
12 a-Ketoglutarate + malonate 1 X 10-3 .310 .210 3.9 2.9 
13 a-Ketoglutarate + malonate 1 X 10-3 . 268 .193 | 3.2 2.9 
14 8-Hydroxybutyrate 1 X 10-3 .233 .180 1.5 1.3 
15 8-Hydroxybutyrate 1 X 10-3 . 200 .153 2.1 1.9 
16 8-Hydroxybutyrate 1 X 10-3 .173 153 2.4 2.0 
17 8-Hydroxybutyrate 1 X 10-3 . 200 .180 2.4 1.9 
18 Succinate 1 X 10-3 .620 . 340 1.9 1.4 
19 Succinate 1 X 10-3 .933 .587 1.9 1.5 
20 L-malate 1 10-3 187 2.6 1.7 
21 L-malate 1 X 10-3 .453 . 300 2.2 2.1 


* Mitochondria from rat liver. 


t Experiments 2 through 8, mitochondria from guinea pig kidney cortex. 
t Experiments 9 through 21, mitochondria from rabbit kidney cortex. 


hexokinase assay. These experiments showed conclusively that 
phlorizin, in concentrations up to 3 x 10-* m, had no effect on 
the reaction velocity of the hexokinase system. 

Effect of Electron Carrier Steady State of Mitochondria on 
Phlorizin Inhibition—In the initial series of experiments (Table 
I) it was observed that the phlorizin inhibition was quite varia- 
ble from one experiment to the next, and it soon became ap- 
parent that the ability of phlorizin to inhibit respiration was 
markedly affected by the order in which the reactants were 
added to the mitochondria. 

The effects of ADP, substrate. and oxygen on the oxidation- 
reduction state of the electron carrier system in mitochondria 
have been studied by Chance and Williams (13). Freshly pre- 
pared mitochondria incubated aerobically without added sub- 
strate or ADP were defined by them as being in State I. If 
ADP was then added, a brief burst of respiration ensued but 
ended when all endogenous substrate had been utilized. This 
nonrespiring condition was called State II and was characterized 
by complete oxidation of the coenzymes in the electron carrier 
system. State III was obtained by adding substrate to State 
II mitochondria and was characterized by active respiration and 
partial reduction of all electron carrier coenzymes. If respira- 
tion continued until all ADP was converted to ATP, respiration 
slowed and State IV was obtained. This was characterized by 
complete reduction of DPN and complete oxidation of cyto- 
chrome a with partial reduction of the intermediate coenzymes. 

Preliminary experiments had indicated that phlorizin might 
inhibit more effectively when added to State II than to State IV 
mitochondria, and it was decided to test this possibility. War- 
burg flasks with two side arms were used. State II mitochon- 


dria were prepared by placing them together with phosphate 
buffer, MgSO,, cytochrome c, ADP, hexokinase, and glucose in 
the main compartment. Phlorizin was tipped in from the first 
side arm at 4 minutes and a-ketoglutarate, from the second side 
arm at 8 minutes. State IV mitochondria were prepared by 
placing them together with buffer, MgSO,, cytochrome c, ADP, 
and a-ketoglutarate in the main compartment. Phlorizin was 
again in the first side arm, but the second side arm contained 
the hexokinase-glucose phosphate acceptor system. Of course, 
when the second side arm contents were tipped in, the mito- 
chondria were in both cases converted to State III and active 
respiration occurred. 

It may be seen from Table II that 10-* m phlorizin added to 
mitochondria in State II caused severe inhibition of the respira- 
tion initiated by substrate addition, whereas phlorizon added to 
State IV mitochondria had much less or no effect on respiration 
occurring upon addition of hexokinase-glucose. It thus appears 
that mitochondria are much less susceptible to the effects of 
phlorizin when they are in State IV, 7.e. when the electron car- 
riers are in the partially reduced state and the adenine nucleo- 
tide is in the form of ATP. | 

Adenine Nucleotide Reversal of Phlorizin Inhibition—Whether 
the partially reduced state of the electron carriers, the ATP, or 
both protected the mitochondria could not be directly deter- 
mined. However, it was decided to study further the effects of 
ATP for two reasons. (a) It had been reported by Lotspeich 
and Keller (4) that high concentrations of adenine nucleotides 
could prevent phlorizin inhibition of respiration in guinea pig 
kidney homogenates. (b) Tapley (14) and others have shown 
that ATP can prevent mitochondrial swelling in hypotonic me- 


6 

- 


April 1959 D. M. Keller and W. D. Lotspeich 989 
TaBLeE II III 
Effect of electron carrier steady state of mitochondria on phlorizin Reduction of phlorizin inhibition by ATP 
inhibition 
Oxygen utilization 
Oxygen utilization Experimental conditions 
Control orizin 
Experiment No. State II* State IVt 5 X 104m 
Control Phlorizin 10-* Control Phlorizin 10-4 u 
patoms/min./flask patoms/min./flask .53 41 23 
1 .76 .75 
2 .76 .75 72 
3 77 36 86 71 Tasie IV 
Effect of malonate on phlorizin inhibition of a-ketoglutarate 


* Hexokinase in center; phlorizin added at 4 minutes; a-keto- 


glutarate at 8 minutes. 
t a-Ketoglutarate in center; phlorizin added at 4 minutes; 
hexokinase at 8 minutes. 


dia. This second point will be dealt with in the following pa- 
per. The first point, relative to the ability of an excess concen- 
tration of adenine nucleotide to reduce the phlorizin inhibition, 
was verified in mitochondria, as shown in Table III. Control 
flasks and flasks with 5 & 10~ m phlorizin were incubated with 
ATP at 2 mm and 10 mo concentrations. As can be seen, the 
phlorizin inhibition was reduced from 45 per cent at the low 
concentration to 23 per cent at the high concentration of ATP. 

Thus in mitochondria, as in whole kidney homogenates (4), 
one can demonstrate the protection against phlorizin inhibition 
of respiration by excess adenine nucleotide. The experiments 
presented in the following paper show that ATP prevents the 
phlorizin-induced swelling of mitochondria in isotonic sucrose 
and raises the possibility that both the phlorizin inhibition of 
respiration and the adenine nucleotide reversal can be explained 
by a membrane permeability effect of phlorizin on mitochondria 
with resulting changes in the capacity of these structures to 
maintain normal osmoregulation. Thus the adenine nucleotide 
reversal of the phlorizin inhibition of respiration would be the 
result of a prevention of the phlorizin-induced swelling of mito- 
chondria in an “isotonic” environment. 

Effect of Malonate on Phlorizin Inhihition—Besides acting as a 
competitive inhibitor of succinic dehydrogenase, malonate has 
been shown, like ATP, to prevent the swelling of mitochondria 
in hypotonic media under certain conditions (14, 15). Since it 
seems possible, as is shown in the following paper, that the ATP 
reversal of the phlorizin effect on respiration correlates with the 
ATP reversal of phlorizin-induced swelling of mitochondria in 
isotonic sucrose, it was decided to study the effect of phlorizin 
on a-ketoglutarate oxidation in mitochondria in the absence and 
presence of malonate. In Table IV are shown the results of such 
experiments. In these experiments phlorizin was tipped in first 
from one side arm at 4 minutes; a-ketoglutarate and malonate, 
from the other side arm at 8 minutes; oxygen uptake measure- 
ments were begun at 12 minutes. It is evident from these ex- 
periments that the phlorizin inhibition of a-ketoglutarate oxi- 
dation in mitochondria is much less when malonate is present 
than in its absence. This observation may be related to the 
fact that malonate limits the oxidation cf a-ketoglutarate to 
one step, z.e. to succinate. Alternatively, the fact that malonate 
protects mitochondrial structure and hence the enzymes of oxi- 
dative metabolism may bear on this difference. 

Relation between Phlorizin Concentration and Ozidative In- 


oxidation by rabbit kidney mitochondria 
For experimental details see text. 


Oxygen utilization 
No. of Per cent of 
Experimental conditions experi- control (mean + 
ments Palesisin standard error) 
patoms/min./flask 
a-Ketoglutarate........ 6 .763 340 44.7 + 1.7 
a-Ketoglutarate + mal- 

11 .420 .302 | 71.6 + 2.1 
100- 
80 - 
@ 70- 
60- 
30- 
20- 

2xlO 6xiO 10 3x10 ~M 


Phiorizin Concentration 
Fic. 1. Relation between phlorizin concentration and inhibi- 


tion of respiration in kidney cortex mitochondria. a-Ketoglu- 
tarate was substrate. 


hibition in Mitochondria—Fig. 1 is a plot of the per cent inhibi- 
tion of oxygen consumption against phlorizin concentration 
when phlorizin is added to State II mitochondria. It is evident 
that the effective range of phlorizin concentrations here is very 
similar to that seen in the kidney mince (3) and the whole ho- 
mogenate (4). In the mitochondria, after respiration com- 
menced with the addition of substrate, there was a definite 
tendency for the respiratory rate to recover from the effects of 
phlorizin. This effect and its relation to phlorizin concentra- 
tion are seen in Fig. 2 which is a plot of the per cent inhibition 
of oxygen utilization against time in minutes after onset of in- 
cubation at several different phlorizin concentrations. It ap- 
pears that at the lowest concentration there is complete recovery 
of respiration within a few minutes as is seen in the bottom 
curve; at higher phlorizin concentrations there is only partial 
recovery or none at all. The capacity to recover from the ef- 
fects of the inhibitor may be due to the production during res- 
piration of a substance, perhaps ATP, which counteracts the ef- 
fect of phlorizin. Or perhaps the respiratory enzymes are for 
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Fic. 2. Experiments showing the varying duration of respira- 
tory inhibition in mitochondria with different phlorizin concen- 
trations. a-Ketoglutarate was substrate. 


TABLE V 
Effect of phlorizin on oxygen utilization and P:O ratio with and 
without 2,4-dinitrophenol 
Phlorizin added at 4 minutes; a-ketoglutarate and malonate at 
8 minutes; oxygen uptake measured between 12 and 22 minutes. 


| Oxygen utilization P:O 
Experimental conditions 
Phlorizin Phlorizin 
Control 10-3 Control 10-3 


patoms/min./flask 


DNP, 4D | 0.48 0.30 


some reason less susceptible to the phlorizin effect when they 
are in the partially reduced state. 

Relation between Phlorizin and 2,4-Dinitrophenol Effects on 
Oxidative Phosphorylation—Although it appeared that the phlori- 
zin inhibition occurred somewhere in the series of reactions con- 
cerned with respiratory electron transfer or the coupled phospho- 
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rylations, its effect differed from that of the classical “uncoupler,”’ 
2,4-dinitrophenol, in several important respects. Although 
producing maximal uncoupling, dinitrophenol can stimulate 
rather than depress respiration; its reduction of the P:O 
ratio is much more marked than that caused by phlorizin (Ta- 
ble I), and finally the effects of dinitrophenol are not reversed 
by addition of any of the adenine nucleotides. For these rea- 
sons it became of interest to compare further the effects of phlori- 
zin and dinitrophenol on mitochondrial oxidation. The data in 
Table V are from an experiment designed to compare the effects 
of phlorizin and dinitrophenol on the one step oxidation of 
a-ketoglutarate in the presence of malonate. The theoretical 
P:O ratio for this oxidation is 4. It is seen in Column 4, Table 
V that the P:O of 3.54 in the control came close to this theoreti- 
cal figure. Furthermore, dinitrophenol (10-4 m) reduced the 
P:O to 0.48. In the presence of the dinitrophenol, although the 
P:O was reduced from 2.50 to 0.30, the phlorizin still produced 
its characteristic inhibition of oxygen utilization (from 4.20 to 
3.01). Thus this experiment serves to substantiate what had 
been surmised, namely, that the phlorizin and dinitrophenol ef- 
fects on oxidation and phosphorylation are different both in 
kind and site of action. 


SUMMARY 


Phlorizin in low concentrations can inhibit oxidation of several 
substrates and decrease the efficiency of oxidative phosphoryla- 
tion in kidney and liver mitochondria. The oxidation-reduc- 
tion state of the electron carrier coenzymes of the mitochondria 
can markedly alter this phlorizin effect. The adenine nucleo- 
tide reversal of the phlorizin inhibition of oxidative metabolism 
first noted in homogenates has been shown to occur in mito- 
chondria as well. In addition, it has been shown that phlorizin 
inhibition of a-ketoglutarate oxidation is reduced by malonate. 
The possibility that this adenosine triphosphate and malonate 
“protection” is related to the protective effect of these two sub- 
stances on mitochondrial structure has been discussed. 
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Although phlorizin appears clearly capable of inhibiting res- 
piration and diminishing the efficiency of oxidative phosphoryla- 
tion (1), the possibility remains that these effects are secondary 
to a general nonspecific alteration of mitochondrial structure 
rather than to a single specific inhibition somewhere in the chain 
of enzymes and coenzymes concerned in oxidative metabolism. 
For instance, the inhibition of oxidative phosphorylation by the 
hormone thyroxine, or its metabolites, has been related to some 
such general alteration of mitochondrial structure (2). Such a 
structural effect of phlorizin would not only explain its inhibition 
of mitochondrial metabolism but might harmonize those ob- 
servations with the known effect that phlorizin has on certain 
cell membranes. 

The studies reported here deal with the osmotic behavior of 
mitochondria in isotonic sucrose and show that phlorizin pro- 
motes the swelling of mitochondria in such an isotonic medium. 
Furthermore, it shows that ATP and ADP, but not AMP, pre- 
vent this phlorizin-induced swelling. These observations are 
then related to the effects of adenine nucleotides, malonate, 2,4- 
dinitrophenol, and electron carrier steady state on mitochondrial 
structure and the phlorizin inhibition of respiration. 


EXPERIMENTAL 


Since the first observation by Claude (3) that mitochondria 
swell when placed in hypotonic media, several techniques have 
been used to study the phenomenon. The changes in mito- 
chondrial structure may be revealed by directly observing the 
swelling under the phase contrast microscope (4), by a reduction 
of the dry weight to wet weight ratio (5), or by a decrease in the 
optical density of the mitochondrial suspensions (6, 7). 

In our experiments changes in mitochondrial volume were 
studied at room temperature by following the optical density 
changes at 520 my in the Beckman model DU spectrophotometer 
with the use of a technique essentially like that described by 
Tapley (8). The cuvettes contained 3 ml. consisting of mito- 
chondria, 0.3 m sucrose, and 0.02 m tris(hydroxymethyl)amino- 
methane buffer, pH 7.4. Except where indicated, experiments 
were performed with mitochondria prepared from guinea pig 
kidney cortex according to the method of Dounce et al. (9) 
which involves 0.001 m ethylenediaminetetraacetate during ho- 
mogenization and the first washing and a medium of 0.44 m 
sucrose throughout. Before addition to the spectrophotometer 
cuvette the final mitochondrial pellet was suspended in sufficient 
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volume of 0.44 m sucrose so that 0.1 ml. of suspension in a final 
volume of 3 ml. would give an optical density of about 0.5. 
The mitochondria were used immediately after their preparation. 


RESULTS 


Effect of Sucrose Tonicity on Mitochondrial Volume—As may 
be seen in Fig. 1, guinea pig kidney mitochondria swell very 
rapidly when placed in hypotonic sucrose so that by the time 
the first reading is taken at 1 minute swelling is already com- 
plete. A rapid swelling in hypotonic media was also found by 
Cleland (10) for rat heart sarcosomes. However, this may be 
contrasted to the behavior of rat liver mitochondria which swell 
slowly over a 10- to 20-minute interval under these conditions 
(8). 

Effect of Phlorizin on Mitochondrial Volume in Isotonic Su- 
crose—The results from respiration experiments on whole ho- 
mogenates and respiring mitochondria (1) suggested that phlori- 
zin may cause a general alteration in mitochondrial structure. 
The curves in Fig. 2 show that although there is no swelling of 
mitochondria in control vessels, phlorizin causes a definite swell- 
ing in the 0.3 m sucrose. Determination of the dry weight to 
wet weight ratio showed that the decrease in optical density 
initiated by phlorizin was associated with increase in water con- 
tent of the mitochondria and thus represented a true swelling 
from water imbibition. This type of swelling can be distin- 
guished from that induced in hypotonic solutions, because it has 
a much longer time course. The dose-response relationship for 
the phlorizin-induced swelling phenomenon is quite comparable 
to that which exists for the phlorizin-induced block of oxidation; 
that is, perceptible at 2 10-4 and marked at 10-* Fur- 
thermore, it was found that phlorizin could initiate additional 
swelling even in mitochondria which were already severely swol- 
len in a hypotonic medium of 0.06 M sucrose. 

Effect of Adenine Nucleotides on Phlorizin-induced Swelling— 
In view of the finding (1, 11) that sufficient concentrations of 
ATP can reduce the phlorizin effect on oxidation, it was of par- 
ticular interest to test the effect of ATP on phlorizin-induced 
swelling in the mitochondria. In Fig. 3 are shown results of 
experiments of this type in which it was found that 5 «x 10-3 M 
ATP in the isotonic sucrose medium effectively blocks the swell- 
ing induced by 10-3 m phlorizin. It has been shown that ATP 
or the onset of oxidative phosphorylation or both can, under 
certain conditions, bring about a contraction of swollen mito- 
chondria (12). This might be the basis for the adenine nucleo- 
tide reversal of the phlorizin inhibition of respiration in kidney 
tissue (1). However, as is evident in the experiment of Fig. 4, 
under the conditions of the present swelling studies, ATP could 
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44° 
T T T 


0 5 {0 15 20 25 30 
Time in Minutes 


Fic. 1. Effect of sucrose concentration on swelling of guinea pig 
kidney mitochondria. The only other component of the medium 
was 0.02 m tris(hydroxymethyl)aminomethane buffer, pH 7.4. 
Optical density read against air. 
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Fic. 2. Swelling of guinea pig kidney mitochondria induced by 
2X 10-*, 5 X 10, and 10-* m phlorizin in 0.3 m sucrose buffer me- 
dium. Optical density read against air. 
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Fia. 3. Effect of ATP on phlorizin-induced mitochondrial swell- 
ing in 0.3 m sucrose buffer medium. Optical density read against 
air. 


ATP + Phiorizin 


Phiorizin ATP Added 
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Phiorizin 10 
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Fic. 4. Effect of added ATP on the course of phlorizin-induced 
mitochondrial swelling. Sucrose buffer medium, 0.3 m. Optical 
density was read against a blank and correction made for the 
dilution caused by adding ATP solution at 9.5 minutes. 


only stop the progression of phlorizin-induced swelling and could 
not completely reverse it and return the mitochondria to their 
former volume. This observation is in agreement with Tapley’s 
finding (8) that ATP could stop, but not completely reverse, the 
hypotonicity-induced swelling of rat liver mitochondria, 
Comparison of Effects of ATP, ADP, and AMP on Phlorizin 
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Phiorizin+ ATP 


.460 - 
520 Phiorizin + ADP 
420- Phiorizin 
+ Phiorizin Control 
.380- AMP 


0 3 6 9 12 15 18 2 24 
Time in Minutes 
Fig. 5. A comparison of ATP, ADP, and AMP at low concen- 
tration, 2 X 10°‘ m, on phlorizin-induced mitochondrial swelling. 
Guinea pig kidney mitochondria suspended in 0.3 m sucrose buffer 
medium. Optical density read against air. 
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Time in Minutes 
Fic. 6. Effect of malonate, 2,4-dinitrophenol, and magnesium 
ion on phlorizin-induced mitochondrial swelling. Guinea pig kid- 
ney mitochondria suspended in 0.3 mM sucrose buffer medium. Op- 
tical density read against air. 


Swelling in Mitochondria—When it was seen that ADP (5 x 
10-3 mM) was as effective as ATP in blocking phlorizin-induced 
swelling (Fig. 4), an attempt was made to reconcile this obser- 
vation with the finding (1) that mitochondria in a respiratory 
medium with ADP (State II) are much more susceptible to 
phlorizin than when they are in a respiratory medium with ATP 
(State IV). It seemed possible that ADP was acting under the 
conditions used here by being converted to ATP and AMP by 
adenylate kinase (13) or in some other way making its high 
energy phosphate available. In Fig. 5 are plotted data which 
lend support to this possibility. It may be seen from this ex- 
periment that low concentrations of ATP (2 x 10-* m) fore- 
stalled swelling for approximately 15 minutes after the control 
mitochondria began to swell, whereas ADP in equal concentra- 
tion (but, of course, containing one half as much high energy 
phosphate) prevented swelling for only about half as long. 
And finally, in contrast to the other two adenine nucleotides, 
AMP, which contains no high energy phosphate, was incapable 
of preventing the phlorizin-induced swelling. 

Effect of Malonate, Dinitrophenol, and Mg*++—It has been in- 
dicated in the previous paper (1) that 20 x 10-3 m malonate can 
reduce the effect of phlorizin on oxidative metabolism whereas 
the phlorizin effect was unaffected by 10-* m dinitrophenol. 
Both of these agents are known to reduce the swelling of rat 
liver mitochondria under various conditions (6, 8) so that it be- 
came of interest to study their effect, as well as that of phlori- 
zin, on the mitochondrial swelling phenomenon. Fig. 6 is from 
an experiment which demonstrates that 5 x 10°* mM malonate 
and 4.75 < 10-4 dinitrophenol, like ATP, are equally effective in 
counteracting the phlorizin-induced swelling phenomenon. In 
addition, it may be seen that magnesium ion, an agent which 
inhibits mitochondrial swelling under other conditions (6), also 
blocks the phlorizin-induced swelling in isotonic sucrose. 
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Effect of Phlorizin on Mitochondrial Volume in Respiration 
Medium—The data presented thus far show good correlation 
between the dose-response relation for swelling and for inhibition 
of oxidation, and in addition there is a similarity between the ef- 
fects of ATP and malonate on both processes. Furthermore, it 
had been observed in other experiments that phlorizin can pro- 
mote swelling and that ATP can prevent it even when the 0.3 
m sucrose of the medium was replaced by 0.3 m glucose, 0.15 m 
KCl, or 0.1 mM potassium a-ketoglutarate. For these reasons it 
was decided to study phlorizin-induced swelling in the same 
medium that had been used in the respiration experiments of the 
previous study (1) in which a variety of interactions might alter 
the results considerably. 

Fig. 7 is a plot of optical density measurements against time 
for two such experiments. The experimental conditions for A 
and B correspond approximately to the conditions for State II 
and State IV mitochondrial respiration experiments respectively 
(1). However, fewer mitochondria were present here to allow 
for optical density measurements, and the incubation was carried 
out in the cuvettes of the spectrophotometer at room temperature 
rather than in the microrespiration flasks. Rabbit kidney mito- 
chondria prepared by the method of Schneider (14) were used. 
The readings were taken against mitochondrial blanks to allow 
correction to be made for decrease in optical density due simply 
to the mitochondrial dilution that occurred with each addition. 

It may be seen that upon adding phlorizin in the experiment 
of A (State II) a prompt decrease in optical density occurred. 
In contrast to this, the addition of phlorizin in the experiment of 
B (State IV) did not change the optical density from the control 
cuvette. This finding correlates well with the observation (1) 
that phlorizin inhibits respiration strongly when added to State 
II mitochondria, but that little or no inhibition occurs when 
added to State IV. However, the good correlation ends upon 
conversion to State III by adding substrate in A and hexokinase- 
glucose in B. Perhaps the failure of the phlorizinized mito- 
chondria in B to behave as the nonphlorizinized, as was the case 
in respiration experiments, was the result of the unavoidable 
differences between the experimental conditions used here and 
those used in the respiration studies. 


DISCUSSION 


Phlorizin in concentrations of 5 « 10-4 to 10-3 m can inhibit 
oxidation and reduce the efficiency of phosphorylation in mito- 
chondria (1). It is believed on the basis of the studies presented 
above that this inhibition is probably the result of a general 
structural alteration of mitochondria rather than a specific single 
enzyme effect. It has been suggested (15) that the maintenance 
of mitochondrial structure depends upon some active principle 
in its enzymatic organization. If this is so, phlorizin may act 
to disrupt and adenine nucleotide to preserve this function. 
That the metabolism-inhibiting and structure-altering effects are 
the result of the same action of phlorizin is indicated by the simi- 
lar dose response range for both effects and the fact that both are 
diminished by ATP, malonate, and the steady state metabolic 
conditions for State IV. 

Both swelling and decreased efficiency of oxidative phosphoryl- 
ation occur in the so called aging process (15) of mitochondria, 
and it seems probable that phlorizin should be grouped along 
with the several other agents that have been demonstrated to 
initiate this process. The conclusion that phlorizin acts in this 
way could be substantiated by testing for the appearance of 
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Fic. 7. Effect of phlorizin on optical density of rabbit kidney 
mitochondria suspended in respiration medium. A, phlorizin 
10-3 m added to mitochondria in presence of ADP and hexokinase 
(State II). B, phlorizin added to mitochondria in presence of 
ATP and substrate (a-ketoglutarate) (State IV). Readings were 
taken against a blank and corrections made for dilution of the 
suspensions. @, control; <, phlorizin. 


other phenomena which occur in aging, such as the decreased 
ability to concentrate certain ions (5) and nucleotides (16), di- 
minished phosphate-oxygen exchange (17), appearance of DPN- 
ase (18) and of a magnesium-dependent ATPase (19). 

The possible relevance of these findings to phlorizin action in 
vivo is indicated by the report of Nagai (20) who showed that 
kidney mitochondria from animals chronically treated with 
phlorizin have a reduced efficiency of oxidative phosphorylation. 
Von Kossa, quoted by Lusk (21), found severe cloudy swelling of 
the convoluted tubules of kidneys from rabbits treated with 
phlorizin. In view of the present interpretation that cloudy 
swelling is actually due to mitochondrial swelling, this probably 
indicates that phlorizin, in sufficient concentration, can cause 
mitochondrial swelling in vivo. 

Does phlorizin reach concentrations in the proximal tubule 
cell sufficient to inhibit oxidative metabolism? In a recent 
study (22) it has been shown that glucose reabsorption is ex- 
quisitely sensitive to phlorizin. A total cumulative dose of 2.8 
mg. of phlorizin in a 20-kg. dog over a 70-minute period resulted 
in more than 50 per cent reduction in the tubular capacity to 
transport glucose. The approximate concentration of phlorizin 
that has been shown to inhibit oxidative metabolism by 50 per 
cent in vitro is 5 K 10-4 M (1, 11, 23). In order for 2.8 mg. to 
have this concentration in the renal tubular cells transporting 
glucose, it would have to occupy a volume of 11.9 ml. Although 
this volume is probably somewhat larger than the total volume 
of the cells of the proxmial convoluted tubule, it is obvious that 
these cells would have to have a very high affinity for phlorizin 
so that its concentration in other tissues would be many fold 
lower. Ellinger and Lambrechts (24) have shown that colored 
glucosuric derivatives of phlorizin are, indeed, concentrated in the 
cells of the proximal tubule. But it must be remembered that 
some of the phlorizin administered to the dog was no doubt lost 
through excretion by the kidneys (25) and liver (26). This 
argument indicates that a phlorizin concentration of 5 * 10-*m 
in the cells of the proximal tubule is in the realm of possibility 
but that a direct measure of phlorizin concentration here is cer- 
tainly needed. 
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SUMMARY 


It has been shown that phlorizin in concentrations comparable 
to those which inhibit oxidation in mitochondria also cause 
swelling of mitochondria in isotonic sucrose. Phlorizin is less 
able to induce swelling in the presence of adenosine triphosphate, 
adenosine diphosphate, and malonate, and under the metabolic 
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conditions that obtain when phlorizin is added to mitochondria 
in the presence of ATP and a-ketoglutarate. These effects on 
phlorizin-induced swelling correlate well with the effects of these 
agents and conditions on the phlorizin inhibition of oxidation. 
It thus appears that the phlorizin effect on mitochondrial me- 
tabolism may be secondary to a general effect on mitochondrial 
structure exerted most probably at the membrane. 
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Phlorizin Inhibition of the Insulin Expansion of the 
Galactose Space in the Eviscerate Rat* 


DaNntEL M. KELLERT AND D. 


From the Department of Physiology, College of Medicine, University of Cincinnati, Cincinnati, Ohio 


(Received for publication, October 27, 1958) 


Several reports have recently appeared which indicate that 
phlorizin may act at certain cell membranes to inhibit penetra- 
tion of them by glucose. A recent study by Krane and Crane 
(1) showed that in slices of rabbit kidney cortex, phlorizin can 
inhibit the rate of active accumulation of galactose from the 
medium, Under anaerobic conditions or in the presence of an 
uncoupler of oxidative phosphorylation, galactose penetration 
into the slice occurred by simple diffusion, but, nevertheless, 
phlorizin inhibited the rate at which this equilibrium was ob- 
tained. Thus these workers believed that phlorizin was not af- 
fecting any of the reactions furnishing energy for an active sugar 
transport. Chinard et al. (2), using a rapid injection into the 
renal artery in the dog, presented evidence that phlorizin causes 
the luminal side of the tubular cells to become impermeable to 
glucose. 

Two additional reports dealing with other tissues also indicate 
a cell membrane site of action for phlorizin. Crane et al. (3) 
showed that the rate of penetration of 3-methyl glucose into 
Ehrlich ascites tumor cells was decreased by phlorizin, although 
“no” phlorizin entered the cells. Wilbrandt (4), on the basis 
of extensive kinetic studies, put forth the hypothesis that phlori- 
zin inhibits glucose transport across the red cell membrane by 
blocking an enzyme which cleaves glucose from a membrane 
carrier. 

In view of these considerations indicating that phlorizin may 
act directly to block the mechanism by which monosaccharides 
penetrate cell membranes, rather than directly to block the 
source of energy for transport, it was believed that it would be 
of interest to determine whether phlorizin has any more general 
effect in the body on membrane permeability to sugars. We 
wondered, for instance, whether it might act in such a general 
way as to alter the permeability of muscle cells to sugars. To 
test this question, it was decided to utilize the observation of 
Levine et al. (5) who observed that in the eviscerated, nephrec- 
tomized dog insulin could expand the galactose volume of dis- 
tribution (galactose space) from one approximating the extra- 
cellular fluid volume to one equalling the volume of total body 
water. It was found that although phlorizin itself had no effect 
on the galactose space in the eviscerate rat, under certain con- 
ditions phlorizin could inhibit strikingly the insulin effect of ex- 
panding the galactose space. The purpose of the present paper 
is to present the evidence supporting this conclusion and to dis- 
cuss it in the light of a membrane site for phlorizin action. 


* Supported by a grant from the Life Insurance Medical Re- 
search Fund of New York. 

+ This work was performed during the tenure of a Life Insurance 
Medical Research Fund Postdoctoral Fellowship. 
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EXPERIMENTAL 


Measurements of galactose space were carried out in 300-gm. 
eviscerated, nephrectomized white rats. Functional eviscera- 
tion was done by the method of Russell (6) under Nembutal 
anesthesia. Since it has been shown that galactose is not meas- 
urably metabolized in the eviscerate preparation (5), its volume 
of distribution in such an anim ' can be used to study changes in 
cell permeability to galactose. Blood glucose levels were main- 
tained in all eviscerate animals by giving a solution of 25 mg. of 
glucose per 100 gm. of body weight subcutaneously each hour. 
The design of each experiment is included in the legends of Ta- 
bles I and II below. The dose of phlorizin employed was se- 
lected because it approximates that which has been shown to 
cause complete blockage of glucose reabsorption in the kidney 
(7). All blood samples were drawn from the inferior vena cava 
into heparinized syringes and centrifuged. Plasma galactose 
was determined by the photometric method of Nelson (8) with 
yeasting of the filtrates and galactose standards (9). Plasma 
concentrations were divided by 0.94 to convert to plasma water 
concentrations. The volume of the galactose space was taken 
as the ratio of the amount of galactose administered to the con- 
centration of galactose in the plasma water, and this is expressed 
as a per cent of total body weight. 


RESULTS 


Effect of Insulin on Galactose Space—Table I shows data from 
an experiment which confirms the finding of Levine et al. (5) 
that insulin does, indeed, enlarge the galactose space. It is evi- 
dent that this effect is apparent at 1 hour but is most marked at 
2 hours. Thus at this time the control group of animals had a 
galactose space which was 28 ml./100 gm. of body weight, the 
approximate volume of the chloride space. In the insulin- 
treated animals, on the other hand, the galactose space was 45 
ml./100 gm. of body weight, an increase of about 60 per cent 
above control levels. The magnitude of this increase in galac- 
tose space after insulin corresponds well with that found by 
Levine et al. in dogs. Since the eviscerate animal is essentially 
a muscle preparation, this effect has been interpreted as being 
due to an insulin action on the muscle cell membrane to facilitate 
galactose penetration (10). 

Effect of Phlorizin on Insulin Expansion of Galactose Space— 
A preliminary series of experiments showed quite conclusively 
that phlorizin itself, in doses sufficient to produce maximal gly- 
cosuria in the rat, had no effect at all on the galactose space in 
the eviscerate preparation. Therefore, it was decided to carry 
out a second series of experiments to determine whether phlorizin 
affected the ability of insulin to expand the galactose space. 
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TaBLeE 
Expansion of galactose space by insulin in eviscerate rat 
Galactose, 70 mg./100 gm. in volume of 0.5 ml. of 0.15 m NaHCO; 
per 100 gm. injected in inferior vena cava at zero time. Insulin 
(Squibb, regula), 3.2 units, injected subcutaneously at zero time. 
Two-ml. blood samples drawn at 1 and 2 hours for galactose deter- 
mination. 


Galactose space 

Animal No. Controls Insulin 
1 hr. 2 hrs. 1 hr. 2 hrs. 
ml./100 gm. body weight ml./100 gm. body weight 
1 25.5 27.2 38.3 43.1 
2 25.2 26.6 42.4 46.9 
3 25.7 31.0 37.6 44.8 
Mean..... 25.5 28.3 39.4 44.9 

TaBLeE II 


Inhibition by phlorizin of insulin-induced expansion of galactose 
space in eviscerate rat 

Galactose, 70 mg./100 gm. in 0.15 m NaHCOs, injected into 
inferior vena cava at zero time. In test animals this solution 
also contained phlorizin, 14 mg./100 gm. Volume of injected 
solution was 0.5 ml./100 gm. of body weight. At 30 minutes 0.4 
unit of regular insulin (Squibb) was given intravenously and 2.8 
units subcutaneously. Blood samples were drawn at 2 hours for 
galactose determination. 

t = 5.82; level of significance of difference between means, 
p < 0.001. 
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Galactose space 
Animal No. 
Insulin Insulin + phlorizin 
ml./100 gm. body weight 

1 51.7 35.4 

2 48.4 30.6 

3 59.4 46.1 

4 59.3 37.4 

5 45.1 45.1 

6 58.4 41.8 

7 55.7 31.3 

8 46.9 30.2 

51.1 33.7 


In Table II are shown the results of these studies with nine 
animals in each group. The data show that the animals which 
received phlorizin and insulin had a significant (p < 0.001) 
lower volume of distribution of galactose than the animals which 
received insulin alone. Thus the galactose space in the insulin- 
phlorizin group was 36.8 ml./100 gm. of body weight, a figure 
not much above the galactose space in the noninsulinized, non- 
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phlorizinized animal (Table I). However, the control group of 
animals, treated in an identical manner but not given phlorizin, 
had a mean galactose space of 52.9 ml./100 gm. of body weight. 
Thus it appears that phlorizin, in doses used here, is capable of 
blocking almost completely the now familiar insulin-induced ex- 
pansion of the galactose space in the eviscerate rat. 

It may be calculated that the dose of phlorizin given (14 mg./ 
100 gm. of eviscerated body weight) would result in a maximal 
final phlorizin concentration of about 2 x 10-* m if it were en- 
tirely limited to the extracellular fluid volume (as measured by 
the inulin space); or if it were distributed throughout the entire 
body water, it would result in a minimal concentration of about 
4 <x 10m. Thus the concentration which blocks the insulin 
effect on galactose distribution is approximately in the range 
found to promote mitochondrial swelling in isotonic sucrose (11) 
as noted in the previous paper. 


DISCUSSION 


The data presented here show that whereas phlorizin alone is 
not able to affect the penetration of galactose into cells, it is 
able to prevent in a rather striking way the facilitation of galac- 
tose penetration caused by insulin. The exact meaning of this 
observation is not obvious from the present data and will de- 
pend, no doubt, on a better understanding of the action of in- 
sulin. A speculative discussion of how insulin might alter the 
cell permeability to sugars has recently been presented by Krahl 
(12). Insulin is a polypeptide of known structure which may 
combine with the lipoproteins of the cell membrane and either 
alter the “‘pore”’ size and thus the diffusion permeability or alter 
the activity of a membrane “carrier’”’ and thus facilitate active 
transport across the cell membrane. 

That phlorizin itself is capable of combining with proteins on 
the surface of certain cells has recently been shown. Rodriguez 
and Osler (13) have found that the lysis of sensitized sheep 
erythrocytes by guinea pig complement is markedly inhibited 
by phlorizin in concentrations of 10-2? m to 10-4 m. The mecha- 
nism of this inhibition indicates a cell surface competition be- 
tween phlorizin and one of the complements for the sites on the 
sensitized erythrocytes. 

Whatever the ultimate explanation of the phlorizin effect in 
blocking an insulin expansion of galactose space, the observation 
adds another link to the chain of evidence supporting a mem- 
brane site for the action of this glycoside and provides another 
experimental tool for the investigation of the nature of its inter- 
action with cell membranes. That its gross biological effects in 
the intact animal seem to be limited mainly to sugar transport 
in kidney and intestine remains an unsolved problem. 


SUMMARY 


Experiments with the functionally eviscerate rat have shown 
that phlorizin, although without effect on the galactose space 
when given alone, is capable of preventing the usually observed 
expansion of this galactose space produced by insulin. This 
observation is presented and discussed in terms of a membrane- 
carrier site for the action of phlorizin in inhibiting the biological 
transport of sugars. 
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Complete radioisotope counting 
biological or clinical 


Model 6000 Dynacon: Designed espe- 
cially for soft beta emitting isotopes, » 
the Dynacon will accept and measure 
gas, liquid, and solid samples ranging 
in activity from a millicurie to a micro- 
microcurie without dilution or absorp- 
tion techniques. It is the ideal system 
for making continuous gas flow meas- 
urements in plant uptake and animal 
metabolism studies when used with 
a flow-type ion chamber. Its precision 
design provides highest possible repro- 
ducibility. Sample activity may be read 
directly in microcuries or dis./sec. on 
meter and recorder. 


@ DS5-5 Well Scintillation Counter: This 
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provides extremely efficient measure- 
ment of low level gamma-emitting sam- 
ples in liquid or solid form. Counter 
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gamma-ray spectrometer systems. 
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automatic counting of radioactive 
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counters for beta emitting samples, or 
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to 35 samples—requires no attention— 
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systems for any 
research need 


For more than 12 years Nuclear-Chicago has been the largest 
supplier of radioisotope measuring and counting instruments for 
biological and clinical research. No matter what the research 
requirement may be, there is a Nuclear-Chicago superbly designed, 
service-proven counting system you can depend on for fast, 
accurate and economical results. One of the five systems described 
here may fit your specific problem. Collectively, the five 

cover virtually every radiation measuring need in the biological 
and clinical research field. We'll be glad to consult with 

you and recommend the Nuclear-Chicago system or systems 

to fill your instrumentation needs. 
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Model D47 Gas Flow Counter: An extremely 
eficient detector for samples emitting soft 
beta radiations—C'*, S*, H®. Features the ex- 
clusive removable ‘‘Micromil’’ window. 
Shown with Model M-5 Manual Sample 
Changer, an ideal system for laboratories count- 
ing small or moderate numbers of radio- 
active samples. 


@ Actigraph I: An improved scanning system for 
recording automatically the position and total 
activity of separated radioactive zones on a strip 
chromatogram. 


Two reels accommodate strips 
in length allowing single short 


strips to be spliced end-to-end for continuous 
operation without attention. A wide choice of 
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tubes, windowless gas flow counters, and scintilla- 


Increased sensitivity is provided 


through improved geometry. 


Complete Research Laboratory: 
Here is the most versatile and 
complece nuclear laboratory for 
biological and clinical research. 
It embodies the five radioisotope 
counting systems shown on these 
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Nuclear-Chicago quality design 
and manufacture. This complete 
laboratory (excluding furniture) 
costs surprisingly little, less than 
$12,000. Individual complete 
counting systems are available 
from $600 to $3,000. Write for 
our General Catalog for full 
details of all Nuclear-Chicago 
instrumentation. 
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INCUBATORS 


Operating Sensitivity 0.5 deg. C. 
Operating Uniformity 1.0 deg. C. 
Temperature Range Room to 70 deg. C. 


These incubators have been designed to meet the demand for a more 
satisfactory apparatus, fulfilling every requirement of dry heat, incubation 
and parraffin embedding. Paramount attention has been centered on uni- 


form heat distribution. 


The gray-enameled walls are of selected Mari- 
nite asbestos assuring maximum insulating 
efficiency. Exterior frame is of polished stain- 
less steel with chrome-plated brass hinges and 
door latches. The inner glass panel is in a 
flexible stainless steel frame providing an ex- 
pansion seal. No gaskets are required. De- 
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located in an aluminum housing on top of 
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settings are effected by means of a control 
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The low gradient heating units operate at 
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double-walled air chamber with special baffles, 
assure deflection of heat currents into channels 
surrounding entire shelf area. Incoming fresh 
air is directed through properly determined 
orts into air chamber, where it is pre-heated 
bedere entering incubating area. The con- 
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finding exit through adjustable ventilators in 
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holes in the upper wall of the bottom into the 
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NAP” heat and ventilation system guarantees 
a more uniform heat distribution and rapid 
recovery of differential. Sufficient moisture is 
drawn in to prevent cultures from drying out. 
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...NEW SINGLE PAN 
ANALYTICAL BALANCE 
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the recessed, glare-free reading scale at the rear Capacity—200 g. 
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field of vision as the removable pan . . . the eas- Precision—+-.05 mg. 
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free service with consistently accurate results. 26 g. 
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Quantitative analysis of amino acids with the new Beckman/Spinco 
Amino Acid Analyzer saves as much as 80% of the time required by 
conventional chromatographic techniques. Analysis of a protein 
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formed continuously with ninhydrin reagent, and a built-in recorder 
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( A typical chart from the Spinco Amino Acid Analyzer using the 
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For literature on this new instrument, please write Spinco Division, 
Beckman Instruments, Inc., Stanford Industrial Park, Palo Alto, 
California. Ask for Bulletin MS-20 : 
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